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PREFACE

IRIA (Infrared'imformation and Analysis Center) at the Infrared .1ýborazorv of

The TInivers.Ay of Mlielhkuan's IntPw~cf~uu iid 71'ecfvlroigy Is rea"4nsible

for the collection, analysis, and dissemination to authorized recipients of all in-

formation concerning military infrared research and development. To this end,

IL EIRIA prepares annotated bibliographies, subject 'bibliographies, state -of-the-artý

reports, and miscellaneous publications; IRIA also sponsors symposiums and pro-

p~s advice and lissistan4 -to visitors.

IORIA is supK-,ted by a tnl-service contract, Nonr 1224(12) administered by

the Office of N'aval Research, Physics Branch. A steering cummittee consisting

* of representatives of the three military services assists in the techaiU1&i2dire-.tion

A. of the work. Contracts and grants to The Unive~rsity of Michigan for the support

off sponsored research by tt~e Institute of Science and Technology are adniinistered

through the Office of the Vice-President for Research.

S.This report presentts th? 'ztýýuits of a. two-year effort to comapile and analyze

":"dita. I,- addition to the authors of each section, the following individuals contri-

buted significantly tn- the report, Professors Levinsteln and C~astaman critlcied

the contents of the etntiie report and made valuable contributions to its scope ~and

accuracy. Dr. George Morton of the Radio Corporation of America criticized and

made contributions to Section 5.4; Werner Beyen of Tenas Instruments incorpora-

ted contributed to Section 5.7; a&jd Dr. Philip Cholet contributed to Senrtinl56

Finally, David Anding and John Duncan assisted in many of the calculations, In the

* compilation and in some ol khe writing.

Since the material presented here represents this country's state of the "--rt in

infrared quantum. detectors, the report is classified confident-i-o in i!_= 44;40. -is,

th-ose paragraphs, which Lon am arc so labeled.

0I
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The theory of the detection process is described, and data such as WU
noise spectrum, time constant, and resistance are given for the following infrared
detectors: the lead salts, impurity-activated germanium, germanium-silicon

alloys, tellurium, indium arsenide, and indium antImon.de. .... --- '''- a
description of test procedures, immersion techniques, and cooling deviceso ,, ( J
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INTrC DUCTION

William L. Wolfe

1.1. PURPOSE

The design of an infrared detection, mapping, or tracking device is predicated on a knowledge jQf

the quantity and quality of radiation at the entrance aperture. When such information is known, the
design is then based on considerations involving the collecting optics, the scanning system, the trans-

ducer, and the electronics. The transducer, or the detector as it is usually called by infrared wqorkers,

is te heart of the system. Its characteristics usually govern such things as the permissible informa-

On: rate, the r•'quired bandpaas, the ýizc of thc instantaneous field of view, and the liuit• of the total

field of view. The detector is also a prime determinant of the least radiation difference !aetectable by

the equipment.

A detector is usually chosen for a system first ron the basis of its spectral sensitivitj, and ne±t on

the length of ,time it takes to resjond to a signal, the available areas, noise characteristics, cooling

requirements, and mounting. Additional considerations are its characteristics as a circuit element-

principally its impedance-and such things as microphonics, availability, And cost. Certainly, it is

not possible :to place these characteristics in order of importance for all applications, but the general

arrangementi indicated aboye is probably representative.

The purpose of a state -of-the art report on detectors ia at least two-fold. First, all the above-

mentioned characteristics of detectors should be presented in a clear and readily accessible form.

The system designer can then use the data he needs. Second, tnere should be included enough theory

for thp enginper tn Pstimate tl.. characteristics of detectors of the future for his systcms. This theory

should also provide a basis for the detector workers to advance the state of the art.

The first four chapters of this report introduce and describe the ways that solid-state devices

are Used to transduce a flux of incident, infrared photons into an electrical signal. Chapters 5 and 6

describe the properties of present photodetectors and some possibilities for the future. The appen-

cixes inctude descriptions of test procedures. immersion techniques, and cooling devices.

j 1.2. LIMITATIONS

!:t I ' ark, 'wi a'tds to ('lassifv nofrarccd de,•fctors. They mav,' he classified i'cordi.,; tV) wh'tti• <"

th, v int.:_ratv all tlt power lalling on thkeir -surface or wh th( r they respond to local low.r desitl•sI!I

d 3
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tl~reoighout thcir surface, ther~ty creating an~img They may also be classified according~ to the

Tphvysic-Ornechanismn triat is t-he basis of the tranbduciivis. 'thw lattter classeiIrntitn schenme is 9rh

dCuly *~ ni v I'u e --.. ýtl u h f* c , ri,. ;- u-f mor ue in, Inst,-,,nentatin,, ureiblenis. irnaia~n de-

tectors. for the ourposes ot this revori.. are such things as pholit missive tubes, the Evaporcgraph,

ithe Edgegraph, 5sind the Thermicon. In general, the latter three devices are presently not satisfactory

.1W~c c . qei, .it bea ýS thoy hiavp nrit rezeh~id sufficiently advanced stages of

deveeopment. Photoernissive tubes have a fundamniifntal wavelength limit of sensitivity which is short;

they are. therefore not useful in mcost modern systems which al~e based on detecting radiation emitted'

-by targets. Such radiation is" 'usually concentrated in the longer -wavelength regions. Therefore, the

imaging detector is nox considered ift this report.

ýThe two principal mnethods of detiacting infrair-ed radiation and transducing it Into an electrical si'

nal arez thermal detection and qu'antuin (,phidtoYdetection. All Infrared detectors are ultimately quantum~

detectors since radiation occurs in this form; the distinguishing feature, however, lies in the method

by which the detector transduces the radiat~t power. Since tiansduction in the thermal -detectionl11case

is prizriarily a simple power conversion in which the radiant power is cunv .erted into the inereasý)d heat

of the detector, these detectors have a flat spectral retqiohae. On the either hand, the quantum oW

phe-todetactors which re~spond to Incident photons by changing their electronic state do not exhibita

appreciable temperature rise; they haive aL very strong wavcnlength, dependence.

Thermal detectors have been used for many years. Some examples are bimetallic strips, thiirmo-

couples, thermiopiles, metal bsolometers, and thermistor bolometers. Generally, thermocouplpri, -ther-

mopiles, and bimetallic strips are relatively insensitive to thermal radiation and quite sluggishi in

their response. Metal bolosneters have not shos'n much promise to date, alt bough the work of L.:Davis

at the Hughes icrf Compyany indicates that such a bolometer in modern I frm,,7night "be comj~i~itive

in sensitivity and response with some photodetectors (Reference 1-1). Thermistor bolometers, itirst

dlevelopied by W. W. Brattain (Reference 1-1), have been the workhorse of military detection sysiems

in the 3- to 13-ýt region of the SpEctrsxfn (although recent, extrinsic detectors should surpass therm-I ~ istors in time constant and sensitivity). However, since the present knowledge of theinmistor bolom-
eters has already been summarized, their properties are not included in this report (Rfleerence 3-2).

'Il'us, tots report is iimited io viiuiudeit~cctuL . m~tmd It wil-b !ý ..... ,a.-I dctectors whose operation is based on the photoconductive, photovoltaic, and photoelectromagnetic
-usw Pt ~;it-.t ei i n.terial. I
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PHYSICS of the DETECTION PROCESS

Gwynn H. Suits

An understanding of the behavior of electrons in solids forms the foundation for the de! .ription

of fh&e interaction of radiation with quantum detectors. Therefore, a summary of the energy-band

model of solids is presented to provide this foundation.

2.1. SUMMARY OF THE ENERGY-BAND MODEL

A very aseful, though not fully rigorous, picture of the behavior of electrons in solids is currently

used in most engineering literature or semiconducting devices, and a numober of good references exist.

Thp theory is best expounded by the use of an energy-level diagram sudh as that of Figure 2-1.

SElectrons move about in a crystalline solid. The constants of motion are described by four quan-

tum numbers for each electron. Three quantum numbers specify the three components of momentum,

and one quantum number specifies the orientation of the electron spin. Within the solid, the momentum

quvtntum numbers describing the electron motion have only discrete and usually closely consecutive

values. The total energy is a function of these discrete quantum numbers and hence will also have only

discrete values, which are closely consecutive (forming energy bands) except in a few important in-

stances as illustrated by tkie gap in energy in Figure 2-1.

For the purpose of this discussion the Pauli exclusion principle applies; that is, in any isolated

atomic system (a semiconducting crystal in this discussion), no two electrons may take a motion which

>./i/i/Conduction Band

ft.1 •AE
0 ( Forbidden Band)

FIGURE 2-1. lifE BAND PICTURE OF AN IDEAl,
SEMICONDUCTOR
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is specified by the same four quantum numbers. For every permissible set of four quantunm numher:t

therc is c value of energy which the electron must have. For an electron to "occupy" an energy level

means that an electron has a motion described by the only four quantum numbers that correspond to

that energy vaiue.

In a crystal at absolute zero temperature, electrons tend to fall into the motion which provides

"the lowest total energy. Because of the Pauli exclusion Principle. however. ,Al elcptrnnc c-)nnrt r;,l.

at the lowest energy levels, so some electrons must then nove at higher energies. In the case of an

ideal semicondu6-tor illustrated in Figure 2-1, the "valence band" is fully occ, pied. There are exactly

as many electrons as valence -band energy levels to be occupied. A gap of forbidden energies exists

between the lower-eniergy valence band and the highei-energy empty conduction band. This simply

means that no combination of the four quantum numbers corresponds to energies in the gap range so

that electrons cannot move through the material with total energies which are forbidden.

2.2. THERMAL EXC!TATION OF ELECTRONS

The smooth motion of electrons through a cryetr4 lattice depends upon the perfect spatial peri-

odicity of the electrical potential energy. Any abrupt change from periodicity may provide a possible

disruption of the motion. Ev-n at low temperatures (e.g., liquid-nitrogen temperatLxe) the atoms in
crystals are in constant, agitak~d, thermal motion, The motion is also quantized and can be repre-

sented by the superposition of minsy quantized plane waves of strain moving through the crystal.
Each quantum of strain energy is given the appropriate name "phonun..' This aieclmaiical agitation
tends to d..,t the periodic-ity and hence the smooth motion of electrons. Howe-ver, a disruption of

the mnotion can occur only to those electrons which can change their motion or quantum numbers by

such amounts that the change in e._,tron energy is equal to the energy to be transferred by coll'sion

with the atoms. Here the influence of the Pauli prinicple is important sinIce the electron canna t ab-

- sorb such energy if the reP,?mting change in energy would bring the electron to an energy level which

is already occupied. In this random, agitated motion there is an important though infrequent chance

that a fairly large energy exchange between electron and lattice atoms will occur so that electrons

with energies near the top of the valence band can take c., energies near the bottom of the conduction

band where the levels are not likely to be nccuped. Once conduction-band motion is tstabhlishd th,-

el=-cror. , is;- ;_ b.iiii ÷ ,ld additional energy increments trom lattice at'?ms because of the

low probability that adjacent energy levels in the conduction band will be occupied. The resulting
AM

13 motion of the electron is then equivalent to Brownian motion as long as it moves with conduction-band

ent'rgies.

7
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2.3. THE CONCEPT OF "EOLES".

When an electron in the valence band ib excited into conduction-band energy 1evels, a vacancy

occurs in the energy level which it has left. This vacancy can be occupied by other electrons in the

valence band by means ol smaii cisinges in energy whisch can easily be supplied by th* lattifr motion.

The net result is that the vacant level becomes occupied and a new v.acancy deve.ops at a slightly

different energy. This wandering vacancy acts physically as If a positively charged pafricie wevL

underroing Brownian motion with a tendency to rise on the energy-level diagram to the highert Occu-

pied energy level (in contradistinction to the electron which tends to fai! to the lowest unoccupied

energy level). The hypothetical particle is called a "hole" or p-type charge carrier because of the

positive effective charge. The electrons in the conduction band in parallel nomenclature are called

n-type charge carriers.

2.4. FLOW OF CHARGE CARRIERS

If the energy levels of the valence band were completely filied, there would be as many electrons

moving in the +x direction as in the -,c direction so that no net current would low. The application of

an external-ele-tric field does not alter this situation since the electrons cannot Increase In energy

by sufficiently small steps to accept acceleration by the field. The Paull principle forbids nm all

jumps to levels already occupied, and the gap of forbidden energies Is too large.
However, as sAobn as a pair of n- and p-type carriers-are formed by the excl-taon of an electron

"from valence-band energy to conduction-band energy, current can flow, but only as much curikeit ,a as

the motion of two charge carriers can provide. The conductivity is proportional to the number of such

carriers and to their mobili'ty in the crystal so that

Io a=e(nAn + PAp

where e is the magnitude of the electronic charge, and ft and gp are the mobilities or the average

drift velocity per unit electric field, respectively; n and p are the carrier concentrations in the mobile

condition.

2.5. IMPURI1IES IN SEiMICONDUCTORS

In most cares. impUrities in semiconductifig materials are detrimental to the properties desir-

able ;n infrared detectors. but under controlled k:uadiiiuaa_ tjia, • ....p....... in oth...wic.. pir.

semiconductors can provide certain desirable changes in the energy-band structure. Concentrations

of the order of 1 part in 106 to 109 of selected materials are sometimes intentionally introduced for

particular eflects.

8



Insttjtjfto of S' c~rnld Technology IThe University of M iCh ion

Like any defect in the perfect i)Criodicity of a crystal potential, an atom of an impurity in the

.'cvsial to-nds to disrupt iiu bii~oth ýiiktioji If p- -- -tko_, carr,.ers whrh ight n 4ewr-'-vz-fr~t w

accelerate. In addition; impurities can alter th;c energy-bai d picture in various wyasind4icated in

Figure 2-2.

The -energy levels due to impurities which are off interest fall within thL large forbidden -energy-~gap. These levels arp inlie~ted aa cr- spatiza., Exte:,iun, indicating that the electron Is localized

a in space in the neighboi hood of the im,,urity atom causing this change. -

I ~It sl'ould be noted that furi substitutional impurities (those which take the same lattice position as

the atoms of the pure material), the dashed lines are niot additional levels but represen1t an alteration

of what was there before.

Two important types of alterations may occur. The level marked D, called a donor level, is isor-

mally filled at. low temperal t while the level marked A. called an acceptor level, is normally

Iempty at low i~~eatac

9.

J ~FIGURE 2-2. THE BAND PICTURE OF AN MDEAL

.At higher temperatures the thermal excitation is sufficient f,ý excite electrons from donor levels

to the conduction band in such numbers that the population of the donor levels is significantly depleted.

A semiconductor in this conditiorv wil.I exhibit impurity conductivity having carriers of predomilnantly

n -tye. A simil r pictur pn4. ý r n- -- o and- acptci ie-eis. The empty, io2callized

I-- uunir level may ue thought to cor.taito a trapped hole, and the excitation of a %valence-band electron to

that level may be view'ed as the excitation of a p-type carrier from the localized level to the -valenceI band. In any re~d crystal there are lbotti types of impurity, although one type usually predominates.
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"2.6. lE'f•ACTiO.-' 1i ViADLA NIUN
The excitation of ,� ctrons in a solid may be brought about by~the mechanizal agitation of atoms

(phonons) or bv the absorption of photfore which strilk the crystal. •Whilc b.0th types vi t.wLiiioni are

1;1t:i' niai Z!-ý -d , Ui, L.,cioL by 1,uotuln Oiavs a central role.

Suppose a pure crystal is held at low temoer-dturp sn t tat the number of excited carricri (elec-

trons in the conduction band and holes in the valence band) is small. Let the gap of forbidden energy

. . ... ..-hen .a Photo. .f........n.. ., rzi . c tIat .i -Eg, is absorbed in mtne crystal by a Valence-

I band electron, the elect nn will be excited to the conduction band, creating an n- and p-type carrier

pair which would not normally be there in thermal equilibrium. This extra pair increases the con-

ductivity of the crystal slightly as long as it exists. The rate at which pairs are created will be pro-

portional to the number of suitable quanta incident upon the crystal. Usually the extia electrons and

holes,:do not stay separated for long. They recombine by the aid of at least two mechanisms, but the

end result is 'ie same regardless of the mechanism, i.e., a conduction-band electron finds a hole in
the valence .,,q.amnd loses energy so that it returns tothe original lower energy level. The rate at

which extra n- atd p-type carrier's recombine will determine the average time extra carriers can

"spen in the conducting state of motion.

In a pure crystal the average time spent by the chargsk.rlers in the conducting condition and

tIe Average time required for recombination are the ssrile. However, if spatially localized energy

Jvels called traps exist in an impure crystal, then the charge carriere will spend a portion o: their

time in these nonconducting levels and will be free to conduct only intermittently. The "lifetime" oe

the carriers is defined as the average time which the charge carrier spends in the conducting cond'-

tion, while the "recombination time" is defined as. the average time the charge Carriers stay in the

excited states of motion, which includes the time spent in temporary localized positions at traps.

Thus the recomblnation time is always greater than or equal to the lifetime.

In many cases, a trap energy level can be "occupied" by only one charge carrier so that the aver-
age population of carriers in all trap levels can never exce:j a certain maximum number. As the

population of carriers in trap levels increases, the numoer-oi unoccupied traps becomes significantly

sparse so that the influence of traps tends to I -come insignificant. The rate at which charge carriers

are trapped depends upon the "cross section" for capt'ire by the traps for a particular charge carrier.

R u, TnAn, R u TAp

n N n p p p p

ri
10
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vwnere R the number per cub, c centimeter per second of extra carriers trapped

L the capture cross section oi the trap

u ý the averak.e speed om the eh~rp rhrap

T or T = thv concentration of the respective empty traps

An or Ap - the concentration of the respective extr.i charge carriers in the conducting state of motion

Subscripts n and p are used to indicate electrons and holes, respectively.

Thý -gt_ at ',-biC. rXtr carris aic& ,_ewiltd mino the coInaucting state of motion depends mainly,

upon the Size of the energy jump required to get away and the concentration of occupied traps. The

dependence upon the size of the required energy is a statistical one governed approximately by

Maxwell- Boltzmann statistics. Therefore one can say that the probability of a transition is propor-

tional to exp (-E/kT). where E is the required energy and kT represents the thermal energy. When

thca thermal energy kT becomes very large compared to the required energy, the probability of a

transition approaches 1; when kT < < E, the probability approaches 0. Hence,

G = F T'n ex (-E n/kT)

G = F T' exp (-E /kT)
p pp p

where G the ,umber of carriers per cubic centimeter per second which break free of traps

F a constant characteristic of the trap

T' and r' - the concentrations of occupied trapsn p
F =-he required energy

k - the Boltzmann constant

T ' the absolute temperature

n and p subscripts indicate "electrons" and "holes," respectively.

If the semiconductcr is placed in a field of incident radiation, extra charge carriers can be gen-

eratpd hy absorbed photons. If .1 reprcsents the number of photons per unit area per unit time in-

cident on the semiconductor, and if a is the absorption coefficient, then a relation for the rate of

change of extra free carriers ,an be written

d (an) aJ - An/r+ FT exp (- E Ik. T) - r An
11 t~ n n n'n

d (Ap) - aJ - Ap F P exp - l AcT) UTp
p p) pP

2_"_
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Although the further analysis of this model will ,iot be covered here, certain important conse-

quen-E'es -qa&Onif. Ie rulntd ont ?dt. ti-!at .C-' of th. tw!yeeo.!riir;nrý'oa

same, ancl, in fact, are usually significantly different. The extra charge-carrit r concentrations need

not be equal, and, in general, are signifirantly different. Reall thet by

extra carriers which are in the conducting state. Those stuck temporarily in traps are not counted.

S........... -rya is nCpe- L Uv L• etLricaiiy neutrai at ail times, tile balance of extra charge car-

riers must reside in traps when Ap - An.

In the simple trap m6do.l which is discussed here only one carrier is required for occupation.

Hence the concentration of empty Lraps plus the concentration of traps occupied by extra carriers

must just equal the concentration N, Po0 of traps normally unoccupied during thermal equilibrium-

Si.e., TTn ÷n Tno

~I +TV T
p p o

,Thus the above relatioris may be written as

VE
d An An ,- aJ --+ FT exp --- u(T An
dt n n n kT nn no n

d An Ep
SaJ- -- +FV exT .-- u (Tno T APdt T P P kT P

In thermal equilibrium all quantities of An, Ap, N', and P' are zero by definition. Hence, An and

Ap will both increase at the rate of aJ when proper illumination is abruptly started. When the steady

state has beer reached under illuminatiln

dtndp.ý 0

dt

Moreover, it can be demonstrated by straightforward reasoning that the terms on the right must bal-

S TnAn

Fil Tr, exp k[-) E (D--T. A-

and similarly for the p-type carrier. Since there is no nei trapph,6 now, the population of extra car.
/-tI•i. simpI~v An1 7 aJ and ,.p - A.L.

12
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Tne effect of shallow temoorary traps on the response time is usually to lcngtIen thc rise and - r

the decay times. In o(,der to establish a steady state. additional carrierq must he generated to pop-

ujate the t-apsas well as to i' v th• ul'',al loss of carriers through recombination. The decay time

iF also delayed by the time required to empty the population in temporary traps.

The final recombination of carrier:3 can occur by the direct collision of p and n carriers so that

the Process can be written as

photon p--p + n

The r,.action rate of the reverse reaction is very small. Some traps reside in scmlconductors which

have energy levels with relatively large energy differences from the valence band or conduction býnd.

L, this case, the Probability that a trapped carrier may be re-emitted to the conducting condition by

thermal agitatoin is small 'ompared to the probability that recombination with tWe opposite carrier

will occur at that trap. The traps at whiich recombination can occur are sometimes called "recombina-

tion centers."

The following reaction can take place.

r + nr-7-(r, n) + phonon

(r,n) +p ,.-.r +phonon

I.I where r represents the recombination site, and the phonon repreaenta the mechanical motion of the

lattice atoms. Actually reactions other than that listed &bove can also occur. 11 the energy levels

and cn-rgirc of reaction are proper, the reaction dcscr.L.. by the secund line above could be a re-i

action described by

(r, n) + P+r + photon

where the photon which is emitted is of iomer frequency. In general, comkimnatlons of these aMd other

reactions take place simultaneously.

Since the lifetime of a carrier is measured only by the average time extra carr-ee remain in the

conducting condition, the trapping of a carrier by a recombination center ends the lIfe of the carrier

even though that carrier may have to wait for a carrier of opposite type to complete the recombination

rt: o ........it is oc uneIpe" i-, '-d th liftm•s•u, of the "wo carrier types differing by significant

amou.nts. One tvpc of carrier usually waits for the other in a recombination center.

The operation of infrared quantum detectors in the photoconducting, photovoltaic, and photoelectro-

magnetic modes is based upon the monitoring of the extra carriers generated in the above fashion. The

means by which this monitoring is performed determine the mode of operation of the detector.

13
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3

THEORETICAL DESCRIPTION of DETECTORS
:~Ca W1 I f__~t...I

This chapter deals primarily with the processes of signal and noise generation In quantum and

fitcrimd dytectors. In addition, a detector's speed of response and its spectral-response character-

Isti~us aredescribed. However, additional information pertineiit to these last two;parameters is found

in Appen14 A.

The mechanisms involved in signal and noise generation will b.e described in substantial detail,

accomnam-pd generally by quantitative treatments that hopefully exemplify appropriate analysis pro-
cedures. The intertion here is to establish the necessary background for Chapter 4, which deals with

'theoretical c6ncepts for evaluating the performance capabilities of detectors.1A3.iS.?:NAL GENERATION IN QUANTUM DETECTORS

The quantum detector absorbs electromagnetic radiation (or photons), and thereby generates in-

ternal charge carriers. The mechanism of this process requires that the quantum of energy asso-

claied[ with the photons (Eph = hA/c) be greater than some critical energy corresponding to allowed

transitions between energy levels Wn the forbidden-energy region, the conduction band, and/or the

valence band of the semiconducting detector. This process Is carried out without any significant

temperature change. The carriers so generated appear in a form suitable for measurement as a volt-

age or a current.

3.1.1. PHOTOCONDUCTIVE DETECTORS. The photoconductive detector is generally operated
with the simple circuitry of Figure 3-1. The voltage drop VC across the detector is given by

VVC rL + c (3-1)I C
where V is the bias battery voltagc

r L is the load resistor

AN r is th,, resistance of the photoconductis detector.

Tht sbicnal voltage is the variation in the voltages drop caused by the change in rC whep the detec-

tur is exposed to signal radiation.

14
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Therefore
-VC = ,•rp, ÷ A.rC. : -Atr._

;•. iI (the bias cu~rc-,,t] V.( . - - s d Al - 0, bi:•cu., pihj nductj'c neirewtrirs are generaily

operated undf r constant-current conditions.

The change in resistance is due to the change in the number of carriers created by the absorption

of g-nal phcitonis. 7- ut ' Ole ii ir'InIic ph•tucuri(ductor whose hoie and electron inomliltles
are approximateiy equal. The geometrical configuration shown in Figure 3-2, where the electrodes

are placed across the wd end faces and the f',r surface is exip~sed to radiation, will be used for all
usalibn that ,•Il w, unless 1^ r lac .ndicatJ. Ttaxice is given y

rI = 1 w = -CWi = J2- -dw

where p is the electric resistivity
5 . is the electric conductivity neu - a- = 2ne.i

S 'n p
g is the mobility and A,, = )p

n is the concentratlon of electrons

p is the concentration 6f holes

Sis detector length

w is detector width

d is detector thickness

rc.

rL PREAMPLIFIER
::'; d

FIGJVP 1. PHOTOCONDUCTOR DETECTOR FIGT7RE 3-?. DETECTOR ;EOW•IT'RV
CIRCLIT
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When radxai:on s'rikes ine-dekector, it -,-cs a c6.- q L, th., density ef carriers, and therefore

a change in condvitivity. The change in resistance is then given by
AN

dr - .- S P_
Ardn"AnS dw N

where N = nwfd, N is "total number of carriers," and the subscript S. mea.'s. "due to signal radiation."
-S

The signal voltage is then

V =.I-.Ar V L--S (3-3)S C =r +r. dw n

or

V _V S• (3-4
VS r, +r c dw N34

The photodetector's small-signal properties are governed by (Reference 3-1):

d N. AN S (3-5)

dt S ' es- T

where ANS = N(t) - N, A is the area wt, N is the equilibrium number of electrons in the absence of

the signal photon flux density JS' VS is the responsive quantum efficiency, N(t) is the number of elec-

trons at time t, and r is the electron-,hole lifetime. The solution of this equation for a sinusoldal sig-

nal of niodulativn frequency, f = u)/21r, is

I Ns(f) - A-7jT (3-6)

The fractional change in conductivity is

N nd , (3-7)

The signal voltage is

,, -A n .1 :

"V, - • -- •_ - (3-8)
-4 L 'C uwnd N1+ w,2

It is clear that signal response improves with longer lifetimes, improved quantum efficiencies, and

decreasing equilibrium density of carriers.
W
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3.1.2. PHOTOVOLTAIC DETECTORS. 'Ihe infrared photovoltaie detector is usually a single

crystal of some semiconductor. with diitinctive n and p rcgions. Theise regionsa e.re separated by a

barrier calitrd the "depletion' layer, across which a strung eiectric field exists. Similar layers can

also be formed at a meta)-semiconductor contact, at a p-type surface on an n-type bulk crystal, and

at a junction betwaen two semiconductors with unequal band gaps. Alt. of them can be used to generate

3 photovoltages.

Consider two crystals which are ide-tical except that one crystal has impurities which make It
P type and the other has different impurities which make it p type. The first crystal has a greater
density of mobile or free electronn; the secon.d has a greater density of holes. If theFse two crystals

are connected together with perfect alignment of the atoms so as to make one large single crystal,

then the higher concentration of free electrons in the n region causes a diffusion of electrons into the

p region, and vice versa for holes. Each region of the crystal is initially independently neutral (even

though the two regions have opposite types of conductivity). Thus'when an electron diffuses from the

n to the p side of the crystal, it gives the p side a negative charge. The next charge to diffuse over

does so wilh more difficulty since the first charge has created an opposing electric field. Each suc-

cessive charge that diffuses over experiences increased opposition and requires more energy to get

over to the p side. Those that do get over have an increased potential energy correspondL.g to the

charge build-up. Exactly the opposite situation prevails for holes. A negative charge layer is build

up on the p side, while a positive charge layer is built up on the n side. This is shown in Figure 3-3.

Finally, an equilibrium situation is reached where elec)lrons dti•asing from the n- to the p-type re-

gior. are balanced by a flow of carriers drifting in the opposite direction because of the electric field.

A corresponding situation applies to holes. This explains why a current fldw. is not observed when the

two regions of %he crystal are connected to an ammeter. At first glance, an examination of Figure $-3

would lead to the impression that the charge distribution should cause the crystal to behave, like a bat-

tery, since clearly an electric potential difference exists. However, the tcGal current is the sum of

the currents caused by this potential difference and that due to the imbalance in the charge densities

of the two regions. At equilibrium, these currents are equal and opposite, resulting in a net current

flow equal to zero. Mathematically, this situation can be described for the one-dimensional case as

follows:

i = aE -neln (3-9)n n& 39

~d n=~ kT dn
d = X bn d-(3-l)

17
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÷ I I-

n- p
+i

(a)

J Conduction Band

p'I:
n Valence Band

(b)

FIGURIE 3-3. p-n JUNCTION. (a) Simplified charge
distribution across the barrier. (b) Energ'-level

: diagram.

where E is the electric field, the p-n junction is taken perpendicular to the x direction, i and i are
n d

the electronic drift and diffusion current densities, respectively, Dn is the diffusion coefficient for

electrons, given by the Einstein relationship

Dn=-~-*.L (3-11)
n e

and the other quantities are as noted earlier.- At equilibrium, these two current densities are equal
and opposite, so that

dV Dne
nen D- e-- (3-12)

n dx n dx

SThis expression can be integrated to relate charge density and potential distribution in the barrier

n =x -A .... .V( (3-.13)

\,~W , \I ai. 111:tLI•1 lo , CDnt.n l. . A silnjar derivatiori applies for holes.

18
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When photons arc continually absorbed in the region of the p-n junction, eiectrbn-hole pairs are

created. This added concentration of carriers alters the diffusion and drift processes established

when no photons are inCtdent and results in a new equillOrlumn condition. A new, lower potential

difference exists across the barr'er The electric field causing electrons to drift toward the n type

region and the holes in the nppsite region create negative and positive charges in the n and p regions,

. respectively. This results in the generation of a photovoltage measured across ,the .unctlnn. 1'•.. _

v•uiage generator has been created by causing a new distribution of charge carriers, which exists

only as long as new carriers arc continually being generated by the absorption of photons.

Another appro ich to underst-anding the basic process is to think of the devAce as a kind of current

generator in which the new carriers generated are forced by the new nonequilibrium conditions to

move out of the crystal junction. The n side of the crystal,, now with too many electrons, becomes

the negative electrode and electrons exit through its electrode. The situation is reversed for holes on

the p type side, with the understanding that the departure of holes corresponds to electrons entering

in. 0 crEtaol

A quantitative treatment describing Lldb aoitua~ion can be arrived at by utilizing the tUwory of thep-n junction diode. We shall rot try to develop this theory here, but only to describe its results and

the physical mechanisms involved.

IThe p- junction is a diode whose voltage-current characteristic depends on the bias di-ection

and the magnitude of the bias. The modern theory of the p-n junction derives from Shockley (Reo-

erence 3-2). The volution off the theory it described by Moll (Reference 3-3). According to Shockley,

the current-voltage relationship in the simplest case (loWapplied field and steep concentration gra-

dients in going from the n- to the p-type regions) is given by:

w I r Is [exp (eV/kr) - 1 (3-14)

where
SPnDp +n p Dn (3-15),

p n

where L1 and L are the diffusion lengths of minority carrier electrons and holes in p- and n-type

p naterials, respectively, and D_ and D are the corresponding_ diffilo cons*•tar The ýUluniun con-

stant and diffusion length are related by:

L ~ kT 13-16)

I ,
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where 7 16 tlil m,.;;,uriLy cai-rir ijifetine (Reierenc,.s 3-4 and 3-5) a.nd D i6 tlh diliul,'Ui; ,•J, .nL

for •ither holEs or electrons, as indicated bv'a. subscript. In this treatment, the current of holes flow-

inv in one side of the -unction is the same as that fiowinv out the other, while the '---,rrent of electrons

is also equal at both surfaces of the junction but moving of course in the cpposite direction. The net

current flow is then simply the sum of the hole and electron currents. One assumcs further that the

flow of electrons into the p region and holes into the n region (after passing through the junction) is

Svessentially a dcIfusion process; that is, the n and p regions are more highly conductive than the junc-

I tion; therefore practically all of the voltage drop is across the junction.

Sit is clear, from examination of Equation 3-12 in the case of arn appliecl voltage sufficiently large,

that I is exponentially dependent on the voltage. When the applied voltage is negative, the current flow

approaches the saturation value I . T'ht first case exists when the n region is attached to the negative

electrode of a d-c supply, while the p.region 1'. made positive. This reduces the potential difference

across the junction from its original equilibrium value and facilitates current flow. When the bias is

applied in the reverse direction, and the current reaches its saturation value, the current flow is due

entirely to the number of minority carriers able to cross the junction. It is now the electrons origina-

ting in the p mater.il, within a diffusion length of the barrier Lp, and the holes in the n material, with-

in a diffusion length of the bartier :_ 1,ich constitute the carriers for current flow. These carriers

are ireated by the G-R (generation-recombination) process whereby clectron-hole pairs are created

in the lattice from phonon (thermal) interaction between atoms that make up the lattice. The satura-

tion arises when all possible minority carriers from either side of the junction region are contribut-
ing to the current flow.

The theory and experimental results, however, difler somewhat, even aiter all sources of error

such as surface leakage and crystalline imperfections are included in the analysis. To resolve this

difference an extra current coinponent is distinguished, which is attributed to charge carrier genera-

t.,n hy the ahsonrption of photons in the barrier region. The p-n junction equation then becomes

k=I xp• SC (3-17)

where 1,,. is the current induced by the incident background radiation. Derivations of fcr, are given

by Cumnieruw (Reference 3-6) and Rittner (Reference 3-7) in treatments of the solar battery.

The teatment of the p-n junction is still not complete in that account has not yet been taken of the

facts tha, carriers are created by phonon interaction in the generation-recombination process w!t'-in

20



Institlie of Szience and Technology The U-iversity of Michigan

the barrier region, and that there is a shunt-conductance leakage for practical diodes. The equation

has to be further modffi4ed in. the fo-rc,.

§ [ex(. ( e - +SGshV (3-is

where 4 is a constant that provides the measure of the extra charge carriers, and Gsh is the conduct-

a,, -, .itut witi the diiode. The zactor p is unity for an ideal diode, but in practice is about 2 to 3.

"This last equation can be used to derive either an expression for the output open -circuit voltage

generated from a p-n Junction photodetector, or an expression for the short-circuit current. When

used as a photodetector, without any biasing, V in Equation 3-18 becomes simply the generated volt-

age. For the open-circuit case no current can flow, and the output voltage becomes

-CG shV
V _ ýkT In C s 1 (3-19)e \ I

while for the short-circuit case, where V = 0,

I= 'SC (,-2)

In the case where

ISC GshV <<I<
the logarithm above reduces to

I SC G shV

and
V fL3T I Se II (3-21)

e I...e I + (;3kT/e) * (Gsh/i)J

For the case where a periodically modulated signal is superimposed on a steady background, a cor-

respondingly modulated voltage of amplitude V., and current I are added to the background V. anad

IB* The modified expression is

II [ikp B( M B t (B M, G sh('B 'Vexpit) (3-22)
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Consider only the simple case where the total voltage generated is sufficiently small so that

exp VTL v~ +V expiwtl I ~1 z VB+ exp lWt]

Then

The shor, circuit current becomes

I SC U - (3 + I M exp iw#t) (3-23)

The open-circuit voltage becomes

IB + IM exp iWt

B+VM exp1ht= I e/OkT+G (3-24)

The steady voltage is given by

IB
VB =I/pkT + G (3-25)

and the a-c component is

S• M=T I G s(3-26)

e/kT+ +(-2)

Often, the p-n junction photodetector is operated in a manner bimilar to that of the photoconductive

detector. A bias voltage is applied to the detector in series with a load resistance, with the photosignal

picked off usirig the same kind of ci-rcuiltry as for the photoconductive detector. The bias is applied'

to the junction diode in the reverse- direction and effectively shows Increased impedance to the pre-

amplifier circuit. Radiation is absorbed creating carriers that reach the junction region, causing

changes in the value of Isc. As pointed out by Pruett and Petritz (Reference 3-8), the response of the

photoýodcie to a small radiation signal WJS is obtained from the differential of Equation 3-18:

3SC V dV • dVI

Yx IG -" (3-27)
L dJ. ' 3kT s BkTd. shd. S

The small-signal short-circuit current generator for a Norton representation is found by holding V

constant- l
COI]t~ls dis JS.,

V = constant S

22
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This lerrn represents the increase rn current due to signal superimposed on background radiation

photons. Thus

disc

dlSC

and

is = -e€•AJS (3-28)

where JS is the number of photons per unit area per unit time falling on the detector of itrea A, and

-nere the efficiency of conversion to electron-hole pairs is given by 77. Thus the signal current is

directly proportional to signal radiation.

3.1.3. THE PHOTOELECTROMAGNETIC DETECTOR. The electromagnetic:(PEM or ME)

effect may be described with reference to the more familiar Hail effect; oee Figure 3-4. In both effects,

a sample of the semiconducting material (usually In the form of a parallelepipe) is placed in a magnetic

field and oriented su that its length is perpendicu-l.x to the direction of the magnetic field. The &ides

are arranged so that the magnetic field is perpendicular to'another oair of paralae faces. In the Hall

effect Figure 3.-4(b), a current is made to flow through the sample by the application of a potential

H inM

-- **z ° i

l-'GL-tRE 3-4. CIRCUIT CONFIGU'RATIONS. (a) PEM effect. (I,) Htall effect.
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dilterence across its ends. The magnetic-field causes electrons and holes to drift in nnnorzitp rii•,-

. . -t W,,i they travel aing the length of the sample. lI the P-21,11 effect, Figure 3-4(a), photon ab-

sorption creates an excess cocentration of electrons and holes. The existence of extra carriers at

thc front surface and their absence at the rear leads to a diffusion of carriers from the front to the

rear to equalize the inhomogeneous distribution. This diffusion process obeys the same law as des-

c wic iur Erie piotovohaic deteLtor (Equation ;s-iu).

M The motion of the carriers in both "amples is influenced by their interaction with the magnetic

field- In the Hall effect, electrons and holes usually .of different densities !]rifting along in opposite

directions, and under the influence of the magnetic field, tend to accumulate a net charge on one side

of the sample. This results in a potentia' difference between this side and the opposite face. Elec-

trodes placed on these surfaces permit the measurement of this Hall voltage. The diffusion current

in the PEM effect has both electrons and holes moving firom the front to the rear faces of the sample.

Charge earrier interaction with the magnetic field causes the holes and electrons to be deflected in

opposite directions, and a potential difference between the sample ends develops. Electrodes placed

across the ends permit the measurement of the PEM voltage. This voltage persists as long ar. the

diffusion current flows, which in turn perslsts as l\•ng as the detector is irradiated.

Another phenomenon that might be noted here iS W Dember effect. Consider Figure 3-4(a} with-

out the magnetic field. Electron-hole pairs created at the front surface move toward the rear surface,

in a manner dependent not only upon the carrier concentration at the front surface but also upon their

mobilities. If the mobilities are significantly different, one type of carrier moves ahead of the other.

This rL.uJ.ts in a potential difference between the front and rear surfaces, referred to as the Dember

voltage. The resulting electric field creates a force in oppositibn to the diffusion force. The equa-

tion expressing this relationship for holes is

-I dp D py , pE (3-29)

Und.- equilibrium conditions, the electric-field current component equals the diffusion current and

I-0.__ D p dp =kT d~p

E =- pdpk jd (3-30')

since D : (kTe) lip. A similar expression applies for electrons. it is clear that if electrons and

holeb move with equal mobilities, the net charge displacement is zero, and the Dember voltage ceases

t, xist. This field effect as noted by Moss (Reference 3-9) causes the slower carrier to accelerate

,. r , to sloA down. tending to equalize their path lengths.

J%
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The theory of the PEM effect has been invest.igated in recent year5: by a number of authors. who

h•'e c'tribut. -!t-- bo:J- r, t (3-1ence 0 a-i0 through 3-18)- Moss suggests a readily

understandahl. approach w!-hich provides a useful expression for. the PEM signal voltage (Reference 3-9).

AEsE'Lc .%,hn, f nvl;ilities -are sufficiently alike so that no appreciable electric field develops. The

charges created at the front surface diffuse inward a distance given by their diffusion length.

L. D (3-31)

w¢here 7 is the average carrier lifetime. The distance moved by the carrier toward the elentrodes is

given (for small 0) by

L sin 9 L tan 6 0

An estimate of the angle 0 can be derived using the force components acting on the carrier. The

diffusion force per carrier Is given by

kT .
F ýD ep dy

The force creafOd by carrier interaction with the magnetic field is given by

S~=e[u,,B]=euB

where

u = T .d .
6e dy p

Therefore

B pndy p

and FB

tan 0 = -IF- = eunB (1-32)

Hence the displacement toward the electrodes 's given by

ýDp -r e[LpB (3-33)

The (ffective charge recorded by the, meter in the circuit is

1 e- D (3-34)

Tht factor i C can be explained simply by considering that one lead of the crystal is attached to ar,

i tl-,,tr,'mte.rn ,-ad that the other is attached to .ruund as in Fi -ure 3-5. Cowrdt" a "'huio . ol charý ,-

25
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FIGURE 3-5. EFFECTIVE CIRCUIT CHARGE AS A.
"I.. "FUNCTION OF CHARGE DISPLACEMENT

infinitesimalWlycbjse to the grounded electrode. The potential energy recorded at the electrometer

is given by

P Kf

where K is the dielectric constant. Dishlace the charge a distance r toward the electrometer, so that

0(-r. p/K(f - r)

The increase in Potential energy at the electrometer due to the charge movement is given by

V = #-r - p r!/,f(f - r)

The charge P induced in the electrometer can be expressed in terms of V by

V = P/C

The capacity between two points in space iW. given by the distance between themz Thus

V = P - r) = p r/Ke(f - r)

P=pr/I (3-35)

A similar contribution arises from the electrons so that if bpth-eiectrodes were placed directly across

an ammeter the net current derived would be

"he Ah t (3-36)

where J is the number of photons per unit time absorbed by the detector element, and r7 gives the

efficiency for conxersion of photons to electron-hoie pairs. The equivalent open-circuAt vuiiige can

b( obtain.d by rnultiplyinc i5 by the magnetoresistance of the detector.

The mobilities iie and g. determine the complexity of the PEMN signal. For the simplest case,

whcre t 4 I reduces .o

.., e "eBJ s 3 `2 kT 3 / 2  (
26is -- < " je) f3-37)
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The more complicated general cases, where g Ah' p, and n are ;idependent variables, have been
,reated by many ainthnrR in,-hi f Princherle . 1.. ), ur -- and .... .. ,R3

:tnd Kruc,- .3-.18). Zitter IReferenuv 3-17) has been shown that the short-circuit PEN! cur-

rent can be expressed as

PEM = (1+ E) eBJsLD (3-38)

where

L (3-39)

D + + bC /(MB2)/b

and LD is the effective ambipolar diffusion length, which for zero magnetic field reduces to the diffu-

sion length of the minority carrier in an extrinsic semiconductor

C is the ratio of electron to hole densities for the crystal in the dark

b is the ratio of electron to hole mobilities

T
PEM is the time constant for the PEM effect

For small values of MB it is clear that

L (MGLe + Mh) (1+ Q)T 1/2

LD I +bC ]
J ,

and that for e A h p and b 1,

I-- D rpEM

and that ipEM is proportional to jL3/2. Therefore, in these limits, Zitterfs equation (3-38) reduces to

the form sugr ssted by Moss (Reference 3-9).

In the case of AB large

* " _T . e "" ) Th) PEM (1 + C) 1
1 /2

LD22

99 .B (1 + C/b) j

Ssuch that -aB . > b . Then i_.., avoroaches a value given by
*r" ý IVI

IpF'PEM + )JS kTe(,C$/b)] b/2 - (3-40)

and it is clear that the PEM signal is proportional to the square root of the effective mobility.

27



!rnitutet of Sri,ýnro nn,
4 

Tar~nnI,^n., TI, k,.,..;. Au.

The timqe constant appearing in the PEl effect is a complicated quantity. It is delinea by Zitter

tereros _i-i'l and eomonared- with the time constant for the cn, , cffc, as

T + UT

T n p (3-41)
PEM 1 +C

7- + /bn + (D4z

'PC 1+1/b

In extrinsic material TpEM is just the lifetime of the minority carrier, which corresponds to the fact

that minority carriers control the diffusion process in this kind of material. However, r is based

on the fact that both carriers contrib.te to photoconductivity, regar dless of the type of material.

Since the time Constant PEM appears as a part of LD in the expression for the short-circuit, iPEMW

it is clear that

i PJM - ýPEM(3-43)

A comparison of the signal generated by the PEM effect to the photocolldU!tilve effect can well be
made here. The photocondttiviet P enrent density iPC can be expressed in the form

1p-eJS EpC (3-44)

I where E is the applied.electric field along the crystal. An examination of the dependence on the time
x

constant reveals for the simple intrinsic case (assuming negligible trapping of excess carriers, where

p 7 that the PEM signal is proportional to the 0,quare root ofT, whereas I i

proportiQnal tot. Thus the fast, short-time-constant -detector provles a !Urger klgnal in the PEM

mode. Also, the magnitic field increases the effective rptistince of ihe detector. Thus for-tlhe low

resistivity, short-time-constant (T < 10-6 sec) detector such as InSb, these two factors favor the PEM

effect in improving signal output and the ability to match detector impedance to a preamplifier. There

are other factors which favor the PEM detector. The PC detector is thinner than the YEM detector

and therefore is generally more difficuit to fabricate. In the fabrication of detectors care has to be

uxurcised to avoid damaging their surfaces; otherwise an increase in the surface recombination ve-

locities will result. Yet in mounting the detector, the back surface is almost always made to adhere to

a ceil mount. Thus trie iback surfact-, is lhkplv to han'p An n-ror t '-

to the' front. This affects the PC detect:Wr adversely in that the effective density of carriers is reduced,

whereas the PENI detector hen-fits because the diffusion lorce increases as the conccentration gradient

of carrir dc,•it,-ts froin fr-unt ti, back is made st-eper.
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A complete coomnarison of the different photodetectors cannot be made until their noise properties
are urnderstud. �Fthr .. ......... i .i.clu in Cpt ....... . all the necessary acor are ex-

arnineu.

3.2. NOISE

There arc essentially five sources of electric noise that appear in the output of semiconducting

photodetectors. They are called.

1. Johnson Noise

2. Current, 1/f, Modulati, , or Excess Noise

3. Generation- Recombination (G -R) Noise

4. Shot Noise

5. Background Radiation

These noise types are treated in the order listed; the basic mechanisms contributing to the noise

sources are described, and generally accepted analytic expressions that apply to them are given.

')2.1. JOHNSON NOISE. This type of noise is often referred to as Nyquist nnise, since both

Nyquist (Reference 3-19) and Johnson (Reference 3-20) treated this problem in 1928. An ohmic re-

sistr-nce can be pictured as a material which containi a number of free charge carriers which move

about in a crystalilne lattice bumping into one another and into the atoms which make up the lattice.

Tne motion of these carriers is random in nature; the average kinetic energy -s.-a function of temper-

ature, the greater the temperature, the greater their average kinetic energy. If a sufficiently sensi-

tive ammeter or voltmeter were placed across a resistor, it would indicate fluctuating voltages or

currents corresponding to the motion of the charge carriers. These fluctuations represent a noise

whose behavior is evolved purely from thermodynamic -considera'ons and not from the nature of

chaxgc carriors.

Johnson or Nyquist noise can be expressed as

v 4kTrAf (3-45)

where k is Boltzmann's constant, T is the absolute temperature Af is the electrical bandwidth, r is the

ohmic resistance, and v is the voltav= ýluctuation given by the difference between the instantaneous

4 ... .. u of the.t.ltA.. o whPrP

v v•(t) - v (3-46)

2

29



Institute of Science and Technology T e JU v e rty cf Micigan

3.2.2. CURRENT. 1 ,f, MODULATION, OR EXCESS NOISE. All of the above terms have been used

at ;arious times as naames for the same kind of nai,. It is a noise that appears commonly in phcto-
":e r in sddition to the l•ozon noise alrcady discussed, and is generallv found tc- have iharacter-

istics that can be described by the expression (Reference 3-21)

.2 d-c
c d-- (3-47)

where I is the total current through the sample
d-c

f is the frequency

C is a constant

Actually Equation 3-47 is not universal in that cases have been cited where the current exponent

has been found as small as 1.25 and as large as 4 (Reference 3-22), while the frequency exponent has

ranged from 1 to 3 (Reference 3-23). However, these extreme exponential variations are not particu-

larly,'common, and can usually be associated with a particular material, or to same unique treatment

and p, hYsical condition of a material (Reference 3-22).

The physical mechanism of this noise is the least understood of all the noise types found to date.

Petri z (Reference 3-24) introduced the name "modulation" noise to ide.tify the mec.a.-.sm s som--

thing quite different from the carrier-density fluctuations described in the G-R process (see Section

3.2.3)i. An effect is assumed that causes the occurrence of a magnitude of conductivity -modulation far

largei' than that obtained from simple carrier density fluctuations. This effect might wellLe related,

liowever, to the electronic transitions involved in the G-R process. A simple mechanism that has been

proposed involves the falling of electrons (while they are undergoing tiw transitions involved In the G-

R process) into electrical lattice pits or wells called "traps" where they are temporarily immobilized.

While the electrons are in this trapped condition, the local electronic structure ofthe crystallattice is

changed. This may well result from some shuffling about of lattice particles to some new equilibrium

"-nnditions and a resuiti.g new electric field pattern. The net effect is presumedtole a marked change

in the mobility of the carriers through the localized lattice, and/or a change in recombination velocity,

and therefore conductivity modulation. Tie electronic traps are represented in the band picture as energy

levels located in the forbidden energy gap. They are usually due to impurities in the crystal lattice

and to crystalline imperfections from edge dislocations and plastic deformation. Thus a conduction-

bd..... c .cte,,•i ;,,I muvi.g in the vicinity oi an eiectron or hole trap, respectively, is

suddenly caught and immobilized in a bound state. Escape is then possible by absorption of phonon

energy. The probability of escape increases with increasin5 temperature, but decreases with the depth

of lihe Irap.
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Th1 inoduiudAlwn bugge-;.onr offered by Petritz, however, can still 'le only a part of ýhe pictue.,

B-Srophy and Rostocker (Reference 3-25), Brophy (R.ference 0-26), and Bess (Reference 3-27) fuund

with direct experimental evidence that the noise fluctuations m Hall voltage followcd the same Ire--

quency dependence pattern as the noise from a conducti-vity measurement. It must be concluded there-

fore that, like conductivity, 1/f noise follows the fluctuation in thedensity of the majority current

carriers.

The location of a major source of I/f noise (at least in the case of germanium filaments) has been

found to te the surface of the crystal. Recent studies by MacRae and Levinstein (Reference 28).

noted tha•sta surface inversion layer (a p-type surface on an n-type crystal, or vice versa) is sufficient

to generate signýLJcant 1/f noise. A qualitative picture of what is happening involves assuming a set of

two surface states, one fast and the other slow. The slow states are associated with the majority car-

rier traps discussed above, and located in the outermost surface layer of the filament. The fast states

are assumed to exist in the interface region between the surface a-d Wilk materils -- d are primarily

responsible for the recombination velocity of the carriers at the surface. Correa.nnndinr to the fluc-

tuating density of. majority carriers, there is a fluctuating population of slow traps which causes the

enhanced conductivity modulation in the bulk.

Although the surface provides I/f noise, it is quite clear that this kind of noise can also be gen-

erated in the bulk material. Brophy (Reference 3-29kfinds that, by plastic deformation, he can create

noise sources and cause an increase of excess noise by orders of magnitude. These sources are uni-

formly distributed throughout the crystal, and also contribute an unusual 14 dependence. Bess (Ref-

erence 3-30) assumed that the noise was due to edge dislocations with impurities diffusing along the

edges of the dislocations. Such distributions throughout the bulk can provide noise spectra similar

to that obtained by inversion surface layers (Reference 3-31).

When surfaces are treated so that their noise contributiob;,-fs-minimized, residual (1/f) noise may
still exist. This noise has been associated with nonuhmic contact regions, probably due to minority-

carrier drift across the contacts. It appears that the fluctuating population of traps causes the capture

cross section of the surface recombination centers to be modulated, in turn causing a fluctuating cur-

rent of minority carrie*rs, resulng in curreat mudu;ation.

The discussion of 1 Ff noise has shown that the sources of this noise can be ioun'd at the surface,

in thp bulik, and at the contacts. A suitable theory has yet to be found which will provide a quantitative

c3 x!rrssiOn for the carrier-density fluctuation and !.e modulalii-n elf t.
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3.2.3. GENERA rION-RECOMBINATION (G-R) NOiSE This type of .no.c it inherent in thf 2!ec

easily in terms of the band picture of solids.

All arums in a lattice vibrate in a well-organized mainer to the extent that their vibrations are

quantized and can be described in particle terminology as "phonons". The energy of the phonon is

- given by

E = *cw
where 41 h12r,

h is Planck's constant

Valance-bana elecirons are continually jostled by the vibrations of the lattice atoms. Every so

often, the nature and phasing of vibrations between atoms is such that an electron in their midst is

able to gain enough energy to be freed'from its bouid (valance-band) state, and to move about in the

conduction band. The elec.ron is said to have suffered phonon collision, and to have undergone an

energy change according to:

E(k') - E(k) =fl

where k and k' define the energy states before and after phonon absorption.

When electrons leave the valence band for the conduction band, charade carriers (electrons and

holes) become available for the purposes of current flow. The number of carriers created increases

witt• material temperature, and for any one temperature will be greater for diminishing energy gap.

The thermal (phonon) excitation procesb is statistical in nature, and the rate at which electrons are

excited to the conduction band fluctuates.

In addition tdl the statistical pulses of generation, a similar situation hoids for the recombination

of carriers. Thel electrons and holes wander about the crystal lattice with some thermal motion, and

during a "lifetime" characteristic of the semiconductor, et close enough together to recombine di-

rectly, or indirectly through a recombination center. The lietiimc ib a;,btatibtically fluctuating quan-

tity, as is the instantaneous number of electrons and holes. Current-carrier fluctuations arc there-

for inherent in any semiconductor. These fluctuations give rise to G-R noise. When a sample is

placed in a constant-current electric circuit one may observe conductivity fluctuations causing electric
notise cnmn.nletetlv drscritrhd by the G-R process.

Since this noise is a bulk property of the crystal and is due to conductivity fluctuations caused by

carl-rIr-dlnsity changes, it follo-ws that (from Equation 3-2)

dr =p!._An_ _ XN
-~ Ar -An- An A

J. dAr d.w n "dwN
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and

2 I ( Ar)2 (3-4 P)

d*-c

It can be shown tha.t 'References 3-1 and ?-21)

2 2T
(WK) = '

2 .Af *0

Therefore

V2 2 2iz_ (3-50).
-c +

or

2 ~2 2,r1.. d-c" N[÷(--1

as shown by Van Vliet (Reference 3-32).

3.2.,L SHOT NOISE. This noise is usually associated with vacuum tubes; it Is described as the

electric noise that appears in the output of a vacuum tube when the grid, if any, is held at a fixed

"potential. It is more carefully described in what is usually called the temperature-limited condition.

'Temperature limited" means that the anode voltage on the tube is sufficient to collect all of the elec-'

trnns emitted from the cathode. Consider a temperature-limited diode connected to a resistance r.

Because of the discreteness of the electronic charge, the number of electrons emitted at equal time

intervals will fluctuate around an average value. The fluctuating current causes a fluctuating voltage

across r which can be amplified and measured. The mean-square current fluctuation iturns out to be

constant up to frequencies of the order of the reciprocal of the transient time, and can Le described by

(Reference 3-33)

12 -= 2ercAf (3-51)

where e is the electronic charge and Id-c is the average current. Semiconductor photovoltaic detectors

also exhibit shot-type noise. In the case of the vacuum tube, the electrons are taken as independent in

the temperature-limited case. and it follows thdt the current thrigh the rcýstane wiii ccnssst ofals e t shott noise., the case of tu electron aroe ta and den

mer~es of short pulses, each puls-e corresponding to the passage of an electr6i1 from cathode to anode.

in The case of the semiconductor, a similar situation prevails. In a p-n junction diode, a space-chargeIr. iun i• developed acrosF the barrier and an associated eh(,-ric field. Electrons or holes created

4 :'.',,;s ',r ,ck. round pho,)w.o an.d diffu:,in., ijto t'w barri.-r region, are swept from the n -type
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material to the p-type material, cr vice versa. T'his results in current pulses appearing across the

diode with the same characteristics that are observed for the vacuum' tube.

Petritz (Referencc 3-2^) has developed a theory applicable to the lead-chalcogenide (PbS, PbSe,

ITA !,'.,•,pdtct!e filn.s, which is suitable for discussion here. These films are composed of a

system of tiny ýZrlstaf!ites separated by intercrystaltine barriers. Where space-charge regions exist.

The barrier regions contribute both jihrison and shot -ioises, while the crystallites generate the usual

Jultuiun noise. For barriers wiach are thin compared to carrier diffusion length, the barrier noise

contriU ion can be determined by using the expression noted by Weisskopf for the short-circuit noise

generator:

(4 r + 2el BýAf (3-52)

The total noise due to the aggregate ox crystallites that make up the film is found by properly summing

the contributions from each of them. PetritL fiadb that the short-circuit current generator provides a

noise given by

.2 ( 4 2eld -\

r -W* = +(3-53)iI
where n is the number of crystallites per unit length of the detector, rB is the resistance of a barrier,

and r is the macroscopic detector resistance. The corresponding voltage expression Is

2er 1
V =4rkT +n (3-54)

3.2.5. BACKGROUND RADIATION. Background radiation can be thought of as a stream of photons

originating from the detector environment. The cell walls surrounding the detector, its window, and

the media viewed by the detector through the cell window all contribute to this radiation. The extent

of the individual contributions is determined by their respective temperatures, emissivities, and geom-

I etry.

Photons originating from the background and impinging on the detector arrive in a statistically

luct niurlrnr nintmr In the dI•he ttý- era '-cn a n mn.......n its- And

emissivity, obeying the same statistical law that applies to the background. The net fluctuation in

ridiant energy exchange causes a ourresponding fluctuation in temperature and provides the mech-

anisnm for til. [nitmi/ii noit-t, prceas in thermal detectors. This limiting process Is called tem-
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perature noise.' The photodetector is insensitive to this temperature effect. However. the radiation

fll,'. ,ation causes charge carriers to be liberated in varying amounts, causing corresponding changs.r

in the photoelectric effect utilized. When the cause of the electric noise observed in a photodetector

is due to this radiation. the 6etectur is said to be "background7x•xiatiUon-noise limited."

Photons obey Bose-Einstein statistics (Reference 3-34), and their fluctuation can be described by

::.an -= nJ.l + lexp -1(3-55)

This expression reduces to the classical case

(an) =n (3-56)

for values of
:' exp hvl/kT > > I

Substituting v = c/A, and considering a room-temperature condition (- 3000 K), reveals that the ex-

p onential becomes sufficiently large for photons of wavelength less than l0 microns so that classical

statistics can be applied. Fellgett (Reference 3-35) shows the relationship between the number of

photCons and.1heir fluctuation; his result is shown in Figvre 3-6.

Contribution to G-R Noise. In the derivation of the expression of G-R noise, it was assumed that

"the thermal generation of carriers followed the same statistical process as carrier generation from

z .-
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I'I

thu ai~soroiti)n of backcgrouid plirtnrrs. Therebi-uk ý xpivssiuiri inl~qoaziuns 3-4D and 3-50 tic apli41-

-~ cable hcrc. The nnly rhfF.-rcn,- is i-n the calculation f -that is, the contribution. Io by th, radia-
r

6-21) as 4

where J is, the lattice phonon flux

Jr is the background radiation photon flux incident on the detector

1r1fare the efficiency factors for conversion of photons and phonons to carriers.

~The number of carriers created by the absorption of photons is of the form

where 
~N roc Ail' r rT

wher rJr=fC 7(v)n (v, T )dv (-8

where 77(v) Is the respconsivp quantum efficiency at frequency v; c is the velocity of light; ?Ir (p, Trd,

2
the density of photons in the background -= 82! I

c [exp (hv/kT) -1

Similar expressions hold for lattice processes. It is clear then that reducing the tcm-.perature of

the background orz of the detector causes a reduction in N and the carrier fluctuation. When N ris

greater than the num-cber contributed by phonon processes, the detector is G-R-background noise limited.

3.3. SPEED OF RESPONSE

I The speed of response of a photodetector depends upon the mechanism by which charge carri~rs

I recombine after their generation by the absorption of radiation. Various recombination mechasnisms

are possible and are described by Smith (Rcference 3 -4) and Bubt- (Reference 3-36). Generally theseI mechanisms fall into two categories: (1) Radiative recombination, or recombination of electrons and
U bolo hv- !ran-i~tinný -,f oIrt~o !r't he~ c~dit~ 1?anc! directly tn the ý,,clenc hnd; 0)--hi

Itiu- u, clectrons and holes throug~h recomnbination centers. 'The decay rate depends upon the t ype

of iarlm tire topcentration of carriers generated by the signal, the concentration of recombina-

tiun Cenltr-ro and often the existenicc of tijectroni dnd huer trApý whereby Lthe carrrerts Are tenirporarily

rrnm111r111h1t1v apnn onallre to oarticipate in the kinetics ofi recombination.
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in simple processes such as (1) above, the photosignal decay after the rewoval of signai radia-

tion follows a simple exponential decay law, For more complicated mechanisms, the decay might be

deacribed by a sum oI exponintiai terms, or possibly a power law. Frequency-response measure-

meijs jujiuw a bimaiar pattern of complexity.

3.3.1. PIJULSE RESPONSE. When the photon-generated carriers in the semiconductor decay In

an exuoonntial manner, thp nh t~nr ctf -t~ 4 C -;.b 'FSrz ZasI'1ii'

During the tie-oexexposur/to)the3ligh
During the time of exposure to the light pulse, the detector signal will increase according •o

V =V 0 1- exp (- t/T)] (3-60)

where v0 is the maximum value of the signal obtained for a light pulse sufficiently long so that exp

(-t/T) < < 1. For a pulse of short time duration, to, the rise of the signal will follow Equation 3-60

to a maximum value of

"Vt0 =V [I - exp ( ]to/l (3-61)

The deca,- that follqws the end of the light pulse is given by

V V 0 [ep t o(3-62)

or

V = Vor exp (- t/T)]tx (.- to (3-63)

The signal rise ana fall are shown in Figure 3 -7. Notice the asymmetry in the rist and decay parts

of the trace, The rise is shorter in time than the decay, and the initial slopes of rise and decay are

ItII

FIGURF 3-7. PERT([D!i' PULS-E PHOTOEXCITA-

TI*-N AND DETECTOR RESPONSE
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significantly different in their absolute magnitude. To illustrate the latter, differentiate Equations

3-60 and 3-63 and examine their slopes at time t = 0. and t., respectively.

vdv vn / t\x ;n I .I

at xP )T (3-64)dt t0--Lep') _t 0

dv 'o [ / tý (-I
d -exp k--) I (3-65)a t I t t 0t = to0

It is clear that the decay and rise curves cannot look alike unless the light pulse to > > r. The time

constant T can be obtained from a semilogarithmic plot of Equation 3-63 (the decay curve), whereas it

cannot be obtained readily from Equation 3-60.

3.3.2. FREQUENCY RESPONSE. When the detector response is observed for excitation by

sinusoidally modulated radiatioai, rather than pulses of light, the response is frequency dependent

and behaves as

v(1) V 0  (3-66)

[I + (WT)2

where w : 2if, f is the frequency of the exciting signal, and T is the time constant for the decay

mechanism. Fortunately many of the detectors in present usage follow the exponential law of decay,

and an effective time constant is easily reported. The measurement techniques used to determine

the time constant are described in Appendix A. From a responsivity vs. frequency plot, T can be

calculated easily from the selection of w when the response is down by 1/14, for then

v 1 I
Vo- (3-67)

when .)T i or r (2. .rf)

Another approach is to measure the response at two different chopping frequencies, and take
the ratio of the two sig~als as follows->

,, • -(3-68)
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2 V .

-L'2"'2' (f.' 1;

for the time constant. ,From this relationship and assuming that small signal changes (about lO)I• can be recorded, a chQpping frequency of about 100 kcps permits a determination of time constant to

about I gsec.

3.3.3. MUI',TIPLE TIME CONSTANTS. When the speed of response does not depend on frequencyI, in a manner described by Equation 3-66, there does not appear to be any clear definition of the time

constant. This sitvution prevails particularly when multiple electronic transitions of a carrier are

involved so that two or more time constants exist. The decay may follow two or more successive

exponential processes, or possibly combinations of power and exponential laws. The frequency-

response characteristic curves will then show two or more peaks (or plateaus), while the decay fol-

lowing a pulse of light will exhibit sections which will follow different decay laws. The tiha.c ccnstant

tus been defined in different ways. Generally, the definition is that T = I/2vf, where f is the fre-
quoncy at which the respon~livty 'IS 0.7ýy7 times the zero -freq'U'eic y responsivity, or aR which the

high- and low-frequency asymptotes intersect, or at which the slope of'the responsivity vs. frequency

creis -6 db per octave, or sometimes at which the phase rag is 45 0(Reference 3-37). All of these
definitions are equal when the photosignal decay follows a simple exponential decay law or the pro-
cess is described in terms of the frequency response by an equation in the form of Equation 3-66.

The time constant can be estimated by noting the time required for the detector response to decay

67% or 90% from its max.imum value (it is understood that the pulse of radiation is sufficient for the

phot signal to reach its maximum value).

A frequency-dependent measurement will follow an expression of the form

K1 sin (w-,1 - 01) K2 sin (.ViT2 - 02)

1 7 1 2 1' ('2 T2)2 ]l `2

A general solution permitting an evaluation of the two time constants is possible, but is a complicated

matter. According to Levinstein (Reference 3-38), a completely general snlutiont requires solving

(,,j f,,ur unknowns: K1I K 2' and ' it is necessary to meiasure response at four diaferent fre-
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quencie-i to obtain svificient information for a soluuion. If the frequencies are chosen properly, then

the two time constants gr- g.ivci by an equation of th:. form

kv, an 1.vu-.I

..- 2 -. . 2(bh -fd) -J

where a, b, d, e, f, and h are obtained from lengthy frequency-dependent measurements. The ex-

pression is complicated but does offer recourse when exact analysis from frequency-response ta

becomes necessary.

The selection of a universal time constant for this complicated case is necessary but is not i!fkeIy

to be made in the near future. Therefore, the re~der is advised to understand the different definitions

noted above.

3.4. SPECTRAL RESPONSE

A discussion of the fundamental mechanisms responsible for photodetector response is presented

in Section 3.1. However, a summary of the important aspects relating to spectral response Is pre-

sented here for continuity. Detailed discussions of the experimental procedures and the calculations

required to determine a detector's spectral response are found in Appendix A.

The spectral response of a photodetector depends upon the photon enErgy requlrcd to free a charge

carrier. If the photon energy is sufficiently large, additional charge carriers can be ,enerated In

proportion to the photon flux.

A plot of responsivity versus wavelength may be drawn in two ways, depending upon the units

used i9 the evaLuation cf responsivity. It may,-be expressed as the amount of signal voltage obtained

per unit of incident photon flux at a given wavelength, or as the amount of signal voltage oltalned per

tunit of incident power at a given wavelength. The former is the equivalent of a plot made directly with

a monochromator capable of providing detector illuminatitn with a curitant wilt flux de,.sity of photons

at al wavel•ngths, while the latter is that for a constant ,.nit of power exposure. Since a photodetec-

tor responds directly to the number of photons per second that are absorbed, an idealized detector

would provide a spectral rcsponsivity plot like Figure 3-8. Usually, however, the radiation output.

ul ajiujchron-)torS i measurud by A bla_' detector such as a thermocouple. The th-rmonuple has

a constant responsivity as a function of wavelengtii (at least in the wavelengths of interest here), 4r.a

is a device which responds to the radiation power. Thus ihe photodetector.responsivity is usually

measured in terms of power rather than photob flux density, and the resultant ideal plot is shown in'
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Fimuie 3-9. The difference in the shapes qf the ,:urves in Figures 3-8 and 3-9, is r.adil.v uxplained

oi exaifliniffg the expression for a photon's energy

hi, = hc -A (3-70)

The photons of shorter wavelengths have higher energies.. Therefore, fewer photons per second are

required to maintain a constant unit of power with decreasing wavelength. Since a photodetector sig-

nal is proportional to the photon flux, the detector signal falls off with decreasing wavalength.

The sharp dropoff poin, at the position indicated as A determines the minimum energy a photon

must have to free a charge carrier. If the energy is in electron volts and the wavelength in microns,

then the relationship between them is
m 1.24 (3-71)
m Energy (ev) ( )

Impurity-type photoconductors such as gold-doped germanium. are designed to extend the spectral

response of the material to longer waelengths than possible with the pure material. The impurities

introduce new energy ievels in the forbidden gap region of the intrinsic materlal, and therefore permit

lower energy carrier transitions corresponding to longer, wavelength response. An idealized spectral

response curve for the impurity photodetector is shown in Figure 3-10. The short wavelength re-

sponse up to A1 m is associated with intrinsic absorption and carrier transitions across the complete

energy gap; A2m refers to the extrinsic wavelength cutoff point. The long wavwlength response be-

tween Ai and-X is attributed to the carrier transitions involving the "impurity levels"; A2m refers

,o the wavelength at which impurity photoresponse ceases. The difference in the response magnitudes

of these two spectral regions corresponds to the high absorption of the lattice for photons in the in-

trinsic region, as compared to the weak absorption by low density impurities'In the extrinsic region.
In order to improve the magnitude. n. the latter region, it is customary to house the detector in a small

iiLtegrating chamber with a hole to admit the signal radiation. This causes the photons to make multi-

ple passes through the-detector, improving the probability of their absorption.

,:A .mk ..

i "',•' 2m

FIGURE 3-8. INTRINSIC DETEC- FIGURE 3-9. INTRINSIC DETEC- FIGURE 3-10. IMPURITY DETEC-
FOR Rv)SPONSF TO A CONSTANT TOR RESPONSE TO CONSTANT TOR RESPONSE TO A CONSTANT

DENSITY OF PHOTONS. AS A FNERGY EXPOq.RE•_., Aq A ,t'NC,- nErr-,..,s, OGr PHBT 071NS. AS A FUN-C- IF UNCTION OF' WAVEILENGTH TION OF WAVELENGTH TION OF WAVFLENGTH
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4
UTECTOR EVALUATION from- THEORIt7CAL CONSIDERATIONS

Sol Nudelman

The equations for signal voltage and noise ,oltage derived in Chapter 3 indicate that detector

parameters such as size, time constant, and bandwidth of operation are important factors in eval-

uating a detector's capability. Detectors are made of many different materials, and differ in size

and time constants. The engineer is thus faced with the problem of selecting the best one for his

purpose. On the basis of the analysis of Section 3.1, he has the basic ingredients for such a selec-

tion. However, ,in examination of the signal and noise equations would invo.ie him in a tedious and

nonprofitable task of juggling these eqLations to fit his immediate problem. What is needed is a

simple number which provides a detector "rating" indcpendent,of the bothersome parameters, ;rom

which he can make a quick, proper dstector selection. The purpose of this'chapter is to describe

and discuss the substantial effort that has been put forth t• provide this '.!universal" number for

rating detectors.

The treatment that follows begina ltilt a geni-al .. acuif.. on of NEP, iYN.se Equivalent Pow,-r.

It then continues with detailed analyses of the photoconductie detectors in their various noise-

limited conditions. These serve as examples of treatments applicable to the quantum and thermal

classes of detectors. Detector classification schemes based o. NEP are presented thereafter.

4.1. NEP (NOISE EQUIVALENT POWER)

Consider an infrared detector exposed to some incident radiation, in a circuit which provides
an electric signal voltage proportional to the radiant power. Assume also that the dominant electric

noise in the circuit is generated by the detector (not the preamplifier). Let the radiant power P be

expressed as J-I, A, where H is the irradiance and A is the area of the detector. The absorption of
power P by the detector results in a sigiial voltage, V.., in the circuit. When the power s,,urce is

removed or masked, and the detector aliowed to see only the background, then a noise voltage, VN,

is obtained. The predominant mechanism causingj this noise might be internal to the detector, such
,is Irom .ohlson. shot, and 'or latt......-o..cd-G-R nise sour-es. I eae t-un 1e- u boui-u-b. in thecae of the ibest de-

tectors. this nonise might well be governed by the fluctuations in photon flux irradiating the detector,
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that is, the background-noise- limited condition. A simple proportionality can be set up, relating

these voltage readings and the power P.

NEPiVN = H. A/VS (4-1)

Thus, if Johnson noise is responsible for VN, then NEP represents the amount of power that would

Sha1'e to fall onto tne detector to generate an equivalent voltage VN. This relationship is more usually

observed tn the form

NEP = H.A/VsiVN (4-2)

Clearly, NEP is also the power exposure reauired by the detector to obtain a signal-to-noise voltage

ratio of unity.

A relatively simple analysis can be attempted for the purpose of providing some insight into

the problem. Assume a simple detector in a circuit, from which is obtained a signal voltage, V.,

and a noise voltage, VN. The noise voltage is assumed to be due to a uniform distribution of noise
sources throughout the bulk of the detector. Consider two of ,hese detectors connected electrically

in series. The total signa l voltage is simply VS 1 + V S2' since the signals are coherent; and the

noise voltages add as their mean squares, since they are incoherent. The noise voltage of each unit/'

is the rms value of the voltage fiuctuation, or VN = )v
2 

where vY v(t) - V', v(t) is the instantaneous

value of the noise voltage, and V is the average value. The stgnal-to-noise ratio from the combined
unitSVsT/VNT, is.

VST V S V S2(
= 2"11/2(4-3)

VNT [VNI1 VN 2  2

If the two detectors are identical in area and thickness, VSi = V... and equal noise is generated

from each of them, then

V 2V V
ST S- SI (4-4)I NT T NI _Ni

Suppose these two detectors are now connected .lectrically in parallel. Since currents can be

added in a straightforward manner when dealing with parallel circuits, consider the noise sourcesI as current generators. The total noise becomes (similar to the noise-voltage analy5:is)

UT2 2 2
STN1 T 1 N2 (4-5)
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and for identical detectors

'NT = 'NI (4-6)

The signal current is now

iST =I +1 =21 (4-7)
ST Si S2 Si

The signal-to-nois. current ratio becomes

1 2 1 1
ST SI S1 (4-8)

INT -T2 'NI N I

The noise current can be expressed as a noise voltage by simply multiplying the total noise

current by the effective resistance of the circuit. Therefore

rI r2  r!
rt ri ÷r 2  2 = 1 2 (4-9)

and N2 2

V .2=! 2 r2 N_
NT •=NT T 2

or

V I . r (4-10)

Te signal voltage is V S = V si..ce the circuit is now equivalent to two identical battiries

placed in parallel.

VST Is" r V
= - = V2 I -(4-11)

II VNT T'INlrI VNI

Th an~y. c- radily be ex"tended to three or more detector unzit•, Ii i• imwediat:'piy apparent

from the treatment with two units, however, that with either the series or parallel ariangement the

sijgnaI-to-noise ratio depends on the square root of the total detector area. This then indicates that

the NEP of a dctector should also depend on the square root of the area by insertion in Equation 4-2.

PI4.1.1. ANALYSIS OF NEP FOR THE 2HOTOCON; UbCTIVE DETECTOR. A detailed analysis of

the dfpne oft•ei J .MP.TY , . r , he various" n•e-,rnit•d•cases ca be developed starting with the
definition of NEP, Equation 4-2.
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Th• n,'" r,' fovcd t,. r:.u t ,rpr'u-riate expressions lor the signal and noise voltages

in this equation and to generate an equati6n which delineates the geometry, time constant. and band-

"width-dependence of NEP. The photocoaductive detector is the only photodetector type treated here,

since the procedure is straightforward and can be applied by the reader to any other types of de-

tectors.

The factor for the incident power will be HR A, where H i. th. ir a n... d the eignal '•l•'tagc

as given by Equation 3-8. Therefore

NEP - 4-2

(I d-cpll/wd) [7?5 J ST/nd 1 WT

Swhere Id-c = V/(rC ' rL)

4.1.1.1. Johnson Noise. In Section 3.2.1, the Johnson noise voltage was given by

VN = ý' = 4•r~ f

Inserting Equation 3-45 into Equation 4-12 provides

NEP = HA -- - -4k- -_ _ (4-13)
(Id_ p/wd). ndv I W

where r = pf/wd and Id-c iwd. In the last term, i = current density = aE, where E = electric field

strength and a = 2ne/ (g = Un u Using Fquation 3-11 anLo-.18, Equation 4-i3 can bW simpliiied

by first rewriting c in the form 'I

D ~2L
D n 2ne1 L (4-14)

' n kT/e = kT ,

M SSimplifyiag so that aii tactors other than area, time constant, and bandwidth are lumped together

provides

NEP K T "

where

K 4
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Thus the ic'lationship between NEP, area, time constant, and bandwidth ts clearly spelled out for the

Johnson-noise-limited case bv

NEP oc •/T. . .(•.) -

Notice that the Johnson noise exists without curr-i_ flow, while the phntneknrIuet!ve signal re-

quires a bias current. Even though a basic difference exists between processes responsible for sig-

nal and noise generation, a N"A dependence results; this is compatible with the discussion of Section

4.1.
II

4.1.1.2. Current, 1/f Modulation, or Excess Noise. In section 3.2.2, this noise was described by
the equation

VN = Id-cr •/A-fw--'

inserting Equation 3 47 into Equation 4-12 provides

Idcr CW "C!F

NEP =HA,

NEP K 12 az/-7 l- /7 (4-17)

where

K 2 = (n rC-lJS)% H (4J18)

In this instance, both the signal and noise are associated with bias currents. However, even

tithough a complete understanding of the source of 1/f noise -s not yet available, it is clear thati for

a Uniform generat.on of noise throughouat the bulk and/or surface of tiie detector, the NEP wilt de-

pend upon the square root of the detector area. In addition, NEP will vary as I

4.1.1.3. Genera•t in-Rp#eomhin~tian -JGe• ---c•in•Q9r4 'D-- n is was.. dr.... :-_.' t-. 24ua-

tion 3-48 as

VN = d-cr 6N-/N
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T-he -i nai-jo-noise voltage ratios then become

V I r ,XVN N &N
V id-c N : (4-19)

from Equation 3-49.

+qJ +-

Consider here oifly the background-noise-limited condition, where N is the number of carriers aris-

ing from J, photons per unit time impinging on the detector. Therefore

N = 2 JBAi7B (4-20)

where each photon absorbed creates two carriers (an electron and a hole). The change in the number

of carriers due to signal -adiatiun is given by Equation 3-1.

[N S
+ '!i ... ANs = A J r

therefore

(4-21)

NEP - .: H sA 
4 J

NEP K.3 fA_ X? (4-22)

In this instance, as for current (I/f) noise, the signal and noise are associated with bias-current

fl". ti dp-.dece oi NEP on square root of area arises from the averaging process re-

quired in arriving at the value for the mean square fluctuation in carriers generated at random by

Mhe background photons. Notice that NEP in this case daes not depend upon the timc constant. This

49.
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is d~*e t,2 t,.c +._ " i thu dUL'iwctd nw boing cu-,ntr-lled by the same processes for signal and nniise.

Both the quantities AIN and ",N are linearly dependent on -. Their ratio is independent of T in the

sense that the detector wilt respond equally well in -ime to background photons and signul photons.

4.1.1.4. ShuL Noise. in Section 3.2.4, the shot-noise contribution to photoconductive-film noise

was given by Equation 3-54:

VN= r Af_ -- n-r
VN d-r x/ed fi

Substitute Equation 3-54 into Equation 4-12; the NEP becomes

r 4eld cAf/n f

NEP = HA d-c n (4-23)Id r 11 JsTind3d-c S S

Substitute as before in Equation 4-14 to get

I dc - oEwd = 2neti*Ewd (4-24)

where g* is an average reduced mobility for carriers in the f-lm, and from Equation 3-16; A1* is

given by

"L 2. C- (4-25)

to obtain

wikr =K ( -)4-26)

K4 = dkT H (-7
4 eEan L2" T) S Js (4Sq

4.1.1.5. Summary for Photoconductive Detectors. In all four noise-limited conditions examined

here, NEP is clearly dependent on the square root of the product of the bandwidth and the area of the

detector. The time constant and frequency dependencies of shot- and of Johnson-noise-limited de-

...........-. . .au ;. e2pected since noth noise spectra are essentially fiat. The

factor in the NEP expression denoting this identical condition is

NN
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Thn ea•c of 1,'f ;oisc pro' ides a factou giveii by

while G-R noise leads to an expression independent ol the frequency and time constant. Finally the

G-R usckgrcund-noise-lirmited NEP does not contain any factors a6sociated with a detector mechan-

ism of operation. This should be expected since a detector measuring background noise is limited

by that external noise, and thereby loses its identity. In other words, any number of different de-

tectors operating with the same spectral characteristics could not be distinguished from one another

in terms ei NEP, if they were ail limited by background noise. If the detectors are C-R phonon noise

limited, then JR in Equation 4-22 must be replaced by J(. In that event charge carriers produced

by the detector lattice dominate as the noise source, and the noise can be identified by the temper-

ature depandence.

4.1.2. PHOTOVOLTAIC AND PEM DETECTORS. As noted above, detailed analysis of NEP for

the photovoltaic and PEM detectors will not be carried out here. From the discussion of signal gen-

eration in Sections 3.1.2 E.-nd 3.1.3, together with the treatment of noise in 3.3, it is easy to follow the
same procedure used in 4.1.1 to obtal the NEP Výotret-heve .tw. dttc-:, Io-vver, some

of ibis work has already been carried out, aad will be summarized here. -.

Pruett and Petritz (Reference 4-2) derive thesignal-to-noise ratio, and NEP for the back-biased

photovoltaic detector. This detector Is limited by shot noise (Reference 4-3), and the NEP Is given

by

NEP HA v&f vl'eiAJS (4-28)

where the noitc is given byI2 NN = in-/N N In A
[I I eV .lsh2V .k 2(i_ G sh V)2 k23

=2e S -•- (exp, . I 4kTGsh [ "k 3 l- 1  (4-29)

The signal-to-noise raiio is maximized by operating V slightly negative, but almost zero. This per-

mits the elimination of the 1if noise term, and

I 1> s [exp (eV/,kT) 1l] (4-30)
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4.1.3. COMPARISON OF DETECTORS. C. lIilsum and 0. Simpson (Reference 4-4) have treated

all three types of photodetectors ii) an extensive manner, examining p "rtic,. ari, th, drc.e... .ce of

the NEP for the Johnson-noise-limited case. Same of their conclusions are as follows:

The PEM noodc is favored for a semiconduct-r with nigh cavrier mobility and
shurt lifetime (e.g., InSb), while the PC mode is favored for a semi-conductor
of long lifetime and low density of carriers. This is apparent from the factor
'nW which appears exolieitly in th- ow.. fcrmu"',, ,cvzpae-d with ni/7 in

the PC formula. Reducing the crystal thickness below the diffusion length of the

carriers results in no advantage for the PEM mode, but a proportionate ad-

vantage can be gained in the PC mode, provided that the surface recombination
velocity is sufficiently low. The p-n junction is preferred for semiconductors
with low carrier density and low mobility; the depth of the junction below the
surface is not critical so long as it is Less than the minority carrier diffusion
length.

For values of pB small compared to 1. it is clear from the earlier discussion of the PEM sig-

nal that the observation of high carrier mobility favoring a PEM detector is appropriate. However,

some modification appears necessary for increasing values of gB, since the dependence of the-PEM

signal on mo'ility changes. Values suggested by Kruse for the InSb PEM detectors indicate detector

operation is in a region where the PEM signal depends upon )* for * less than 1.5 (Reference 4-5).

This causes NEP to depend inversely on g raised to a power less than 1.

In principle, it appears that the best detector obtainable should be the photovoltaic, G-R back-

ground-noise- limited detector. This is so because the other two detectors in this noise-limited

condition have a G-R noise that depends upon fluctuations induced by both the generation and recom-

bination processes. However, the photovoltaic detector does nnt . atufmfer ., this staiisticai fiuctua-

tion on recomb!nation, since the process here is essentially a minority carrier moving back to its

majority carrier status on crossing the barrier. Thus the background nolee fluctuation observed

for this detector is 1/V4 lee& than for the photoconductive and PEM detectors.

4.2. DOETECTOR CLASSIFICATION

Detector classification schemes generally start with NEP and modify it in some way to obtain a

convenient comparison of.afty detector with the best possible performance that the detector might

offer. Optimum performance is usually~judged with re..reo..c to the limiting background-radiati•-

noise condition. Detector rating Is then expressed in terms of its spectral response and/or its re-

sponse to a blackbody at sorne reference temperature, compared to the best possible values obtain-

able. In this section, the dependence of NEP _)n A and T is discussed first, and the classifications

suggested by various contributors to improve the rating method follows.
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4.2.1. DEPENDENCE OF NEP ON WAVELENGTH AND BACKGROUND TEWERATURE. Con-

-ider the expresa:chl for NEP in &he backgrouad-limited case, given !y Equatinn 4-22;

NEP H ;-AA__f
?s JS

Assume for simplicity that the quantum efficiencies for background and signal are equal to unity.

NEP - H -AAf (4-31)S°S

The irradianc4. H can be expressed in terms of the number of photons per unit (area. time) multiplied

by appropriate photon energies and summed up. However, of particular interest here is the detector

which is illuminated by a monochromatic beam of photons. The wavelength of the beam is the same

as the cutoff wavelength of the detector. Suppose then that J is restricted tu a wavelength ;t so

that the signal photon flux may be specified J then H is given by

L C

H j c

S T_
A c

Therefore

C c

A plot of the noCis qlvaile.t powe! . X,,•A its a lunuio. f cutuff wavelength can be obtained by

substituting different values of A and c&,rresponding photon flux densities J for the black back-

ground at temperature T. JB is the flux of all photons with wavelengths between .A 0 and A = A c

CGoinas and Ccnoud (Reference 4-G) obtalaed TaLlb 4-1 by following this proceduire for a 3001K back-

ground, a detector of unit area, and a 1-cps bandwidth of operation.

A standard of refe.rence in calibrating a detector is its detection ability in responding to a 5000K

blackbody source against a room temperature backgr-und. Therefore, it would be useful to know thc

Sminimum amount of 500 0 K radiant power necessary to equal background fluctuations. This can be

determined by rewriting the expression for NEP in the form

NEP (4-34-)t a

Jis A,, 2JB
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I - .4- L !....NIMU.M DETECTABLE POWER FOR IDEAL QUANTUM nETECTOR*

c A B P Bwil
,'Cutoff Wavelength Photonsl SEc A

G(O On I-Cm2 Area (watts)
1.0 6.6 (5 1 0 "19)t

2.0 4 2 1401

S2. 0 - .2 x I0 1 0 2 .0 ., 1 0 - 1

.05.8 x 10 1 5.0 x 10 -13

4.0 1. 10 10"' 2.2 x l-15.0 1.3 x 10 16 4z5 x, 10- 12

6.0 4.9 x io16 7.3 x 10"12
8.0 2.2 x 1017 1.2 x lo0

10.0, 5.0 x 1, 1.4x 10I

4.15 x l018 3.9 x I0- "1

Area = J cm background = 300OK, solid angle 2r,.
SThe expression for PB mln breaks down for very small values of N ThisB nBnumber is included only to show the rapid variation of PB rin between I and 2 g,
§ Ideal thermal detector.

for unit bandwicith and efficiency. Therefore

NEP =,/'Z HV1Wlj

However i.

1 14 =~ J, (T0o dxI 
A0

7f 
J

i s i NA (5000) CR (4- 355)

: A
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for detectorS '.vhose cutuil waveienvh iq I Therefore

Cc

II

0cJx (T) dA

NEP / '2-A • H " 0 (4-36)

J A (500-) dLX
0

I where J (T) is the background photon density as a function of body temperature. Figure 4-1 shows

the dependence of NEP for a 5000 K source, for backgrouiLd temperatures ranging from 200'K to 500 0 K,

,•1 •MEAL THERMAL

S10-"10 
DETECTOR

"000

I 10

2500 K --

z 20-31

>CE

- ~z/ lo- • 12,. . . ..i 1 2 3 4 5 6 7 8 9 10 11
SCUTOFF WAVELENGTH (micronsa)

FTrTT.•4-1. N,"-PAS A Fi:.i1NJ0FU O•WAVE-
__ LENGTH FOR DIFFERENT BACKGROUND TEMI-I ~ PERATLURES
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fid or delectos of ;~ifttrent cutoff wavelengibs A ThIs figure is taken frorn a report bv Gplinas and
C

Genoud (Rpferencp 4-6), whoo also_ note thc following:

For a 30oK background there .s a wide rangeý of xAc for which P`Bminbkooo remains
almost constant. In 3ther words, for an ideal quantum detector looking a. a 500u-,
blackbody against a 300OK background, it makes essentially no difference what
cut-off wavelength is chosen (beyi.ý'sd 1 p): the incireased response to background
by raisinz Ar is almost exactly enninnsflQtai h, 2 lnccac nignz" -'c- r "La-k-

body radiation it cart be shown in general that PBmmn is insensitive to ~c forI a target temperature approximately twice the background temperature.
For background temperature less than 3001K (anid a 500oK source) It is advan-
tageous to use as short a cut-off wavelength as posrjible, while the opposite con-
clusion holds for background temperatures higher thin 3000 K.

4.2.2. JONE.S SYSTEM OF CLASSIFICATION. Jones has co ntributed a substantial effort to the

understanding and cateacrizing of infrared detectors (References 4-7 an~d 4-8). He suggested that

The advantage of D is a psychological one, in that la rger detectivitles, rather than smal~er NEP's,

reprsen beterdetectors. Jones considers "deteciivity" particularly desirable because it als o

avis sgeo teword "estvywhchisavariety of meanings in technical languagei.

Jone obsrvedthat data taken from thermal and photodetectors; could be distinguished or class-

ifid b th wa inwhich their detectivity'is related to timen constant and frequency response." He

noted that ,their behavior in one case is lite the detectivity obtained for an ideal thermal detector,

while in another case it behaves like an esi I mated best-obtainable thermal detector. Accordingly,

two classes of detectors were set up, the f .I rst based on the detectivity obtained for the ideal detector

13 (ca.pabie of seeing background thermal or lihoton noise), while the asecond was based on the best ob-

tainable heat detector from Havens' limit.I In establishing this system of classification, a reference condition of detector measurement is

designated. It defines a reference, or deteettwe tinic constant and a handwmidth cnrrrinigt
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and

S= V/47 (4-39)

where- D (fM) is the detectivity in a unit bandwidth for a modulation frequency that maximizes the

detectivitv. The motivation bhi'nd these reference eouditions is to provide a meAsurement of the

-detýctvity fur the mnportant special case where the bandwidth of the noise is the same as;tle band-

Awidth & the decItor. Thr u kt tid ications tnen become

Class I D = kvIeT/VA (4-40)

Class I1 D = k2 /-A (4-41)

Detectors limited by a flat spectrum such as Johnson noise, have a detectivity in a unit band-

width classified as

Class la D1 (f) = kl/2,/A-Vj (4-42)

Class Ila DI(f) = k , 5/124f T (4-I )

In the case of the 1/f-noise-limited detector, Jones then finds it necessary to redefine the ref-
erence time constant and bandwidth as

A = fm (4-44)

4 p (4-45)

where r is the detector time constant. The detectifiy for a unit b-andwidth has a maximum at the

1 frequency !m defined by

f in=1/217[ (4-413)

Therefore

If 4/2npp li/27r (4-47)

From this it follows that

2k 2,-• j'-•

Class I~b 'Dlf M .N 6ur2.. (4-49)
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in Section 4.1.1, analytical expressions were derivpd fnr NFP in the %ar;.ous naise-linjited con-

ditions. They -a. no'w he COm.pared with Joncs: system of c-assificatiio. In the aeialysi6 that follows,

various constants.(K1 , KV K'3, K4 ) appear: ,also, k. is equai to !!1,' etc.. Thmise constants are not

i set equal to jones constants k! and k", since thi p-::tpse here is to show only how the NEP relation-

ships from Section 4.1.1 led to Jones system of classification.

A problem arises for the G-R noise-limited case. Equation 4-22 showb that the NEP felt thms

noise is independent of frequency. Therefore, the detective bandwidth by Equation 4-38 must be in-

finite, and the detective time constant must equal zero. To avoid this dilemma and because the pur-

pose here is only to derive expressions for detectivities from NEP's in forms suitable for compari-

son with the expressions of Jones, the responsive time constant and bandwidth are used. Thes are

defined as

Y ''JL'axJ
. 1/4(Af) (4-51)

whe,.e Y is the relative response,

4.2.2.1. Johnson-Noise-Limited Detectivity. The detectivity fo- this noise limitation is derived

from n.Equation 4- i5

_ ____ •(4-52)

in a unit bandwidth; therefore

=Dl kI ý_ _+(JT (4-53)

,which ij the form of a class TIa detectou and so defined by Jones. If the bandwidth Af = J/47, the

-lectivity becomes at zero frequency

D =k 1 7/'l (4-54)

which !s the fo,'m. of the class 1i detector.

-I
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4.2.2.2. Excess- or "li/f"-Noise-Liniited Detetivity. This detectivity is derived from Equation

4-lb

A A T

p
ior a -unit bandwidth,

D N (4-56)

The constant 7 is the detector response time constant. Jones defines a reference time constant
p

T = r p/4. Using this time constant, it follows that

D k -fT1 (4-57)

wilch is the form of the class lib detector.

4.2.2.3. Generation-Recombination-Noise-Limited Detectivity. In this case, both signal and

noise depend on the frequency in the same manner. Thus the expression for NEP was found to be

independent of the factor I 16(wi) . The detect!vity is derived from Equation 4-22

D = 1 1(4-58)

The detectivitv in the reference bandwidth takes the form

D =k3' ',7/A (4-59)

which is a class I detector.

4.2.2.4. Shot-Noise-Limiftd Dzecti-,ity. This detectivity ib dLerived from Equation 4-26

D 1 ' (4-60)
K 4  

)2 A.A(

bnot n-se nas a Hlat Irequency spectrum, and provides a detectivity in a unit bandwidth similar to

Jolhson noise:
k

DI - ,; (4-61)
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and in the respons, e bardwidth

k4
4.. ( 4 - 2 )

2-
- (X7) A

MT

D k ' T (4-63)
4 VAj1 for zero frequency, which is the form of a class If detector.

4.2.2.5. Figures of Merit. By taking the ratio of the detectivity of class I detectors with that of

the perfect thermal detector (limited by photon noise), Jones derives a figure of merit called MV,

expressed as

M 2.76 X 10 9 DvA/N:T (4-64)

A figure of merit for the class HI detector was derived using Havens' limit as the reference de-

tector. Havens arrived at his estimate by treating thermal detectors as heat engines, considering

their operation from a theoretical analysis of the efficiency of such engines, and arriving at an ulti-

mate limit of perfo;,mance capaoility by including considerations of limiting noise, available ma-

terials, and techniques. On this basis. the class TI figure of merit becomes'I

M2 =3 X 10-II x DvA/-, (4-65)

4.2.2.6. D-Star (DI. The expressinne for debtety f- the diffcrcnt limiting noise types,

always contain the factor I/ ,rA. Af. Therefore, *hey are a fNnction of detector size and the electrical

bandwidth of operation. A more useful number is one that establishes the performanne of thke de-

tector indepei.dent of these quantities. Jones suggested that the quantity D*, defined as

D* = v,ýW/NEP = A 'Af (4-66)

serves to characterize the detector in terms of the intrinsic properties of the material of which it is

made (Reference 4-9).

The wavelength dependence of. D* for the background- limited condition can be obtained by insert-

ing the expression for NEP from Equation 4-33 in Equation 4-66;

D -= hc.2JI B
VUit
9
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Asamiple calculation for *he evRs~uation ~f D* at 6 fo ~~ctf ecirfiua(Ref erence

fa PlO).f et:ýw iiu~

in

% exp (hc/.kkT)-

=2-nc sin 2  1 dX W

6 ~o X4 exp (hc/>tkT - 1)

vhere JBis expressed in photons per square-centimeter per second, 0 /2 Is one-half the angular

field of view, 0, andi A mis the long- wavelength threshold of the detector. The quantity after the

ene41) o / 2 trda il fve)adA 6i 48x11integral sign may be determined from a radiation slide rule or the Lowan iind Blanch tables (Refer-
ene41)-o i T2(v trda il fve)an .=6,jB=. 01 quitnta/cm 2/s :ec,

Vhc =10 2'/&%3 louiesa . Thus, ,*at 13 IA is

102 7 x 10 10 Imwtt -ec1/2

2 x3.3 x (4. x0 x )L

Figure 5- 1 shows the variatkon of a)*:t the spectral peak as a function of the long-wavelength thresh-
old for ideal photoconductive and photovoltaic detectors.

U )* can be improved by reducing the magnitude of J B' From Equation 3-58 it is clear that thsi

reduction can. be accomrpli shed by d;~i-n-,?~ g the temperature of the background radiation sources.

This can be done by cooling the walls of the cell surrounding the detector, using a cooled filter to re-

duce the backgrUound radiatioji troni- 4. ,petial iegiun not present in tne signal, and using the detector

against a coolei tackgrbund outside the cell. F'igure 4-2 shows the variation of D at spectral peak

as a function of background temperatures for three different values of detector cutoff. A futther'de- -

crease in J Bcan bee achieved by reducing the angular field of view observed by the detector, as shown

reqire fo aparticular application.
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FIGURE 4-2. PEAK D* VS. BACKCROUND TEMPERATURE FIGURE 4-3. D* AS A FUNCTION 01 ANGULAR

FOR THREE DETECTORS IN THE BACKGROUND-LIMITED FIEL ) OF VIEW
CONDITION "......'

4.2.2.7. D-Double Star (D ). It is shown in Section 4.2.2.6 that D* for the background-limited

case is dependent on the angullar field of view observed by the detector. Jones suggested that a quantity
ind•pendent of this factor would be (Reference 4-12)

D** = (D/IT)1/2 D(A.Qgf/.)
1/ 2 . D (4-67)

where 9 is an effective weighted solid angle. referred to a solid angle of r steradians, which the de-

tector element sees through the aperture in a cell's radiation shiqld. If the detector has circular

symmetry, and the solid angle can be represented as a cone with the lalf angle %0, thenI2
U 012 (4-68d)

SThe ellet't uL this cuilcept is shown in Figure 4-4, where D** is shown to be substantially indpnendpni

"If tho wiijle
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FIGURE 4-4. D** AND D* AS FUNCTIONS OF- ANGULAR FIELD OF VIEW

4.2.2.8. Discussion. The analysis carried out in Sections 4.2.2.1 through 4.2.2.5 Indicates the

following:

(1) Class I detectors --re limited by background and G-R noise.

(2) Class 1I detectors are limited by all other sources of noise.
(3) A class T1 detector can he'ome P elaqa ! detector if its performance is improved to the poiult

that background or G-R noise predominates over any other noise source. This can be d6ue by cooling

a detector. It appears that when a detector becomes background limited, it loses its ;dentity. Its

NEP as shown by Equation 4-22 is governed by the rms fluctuation in background photons striking the

detector. Thus the performance of the detectors is contpietely described by the condition of the back-

ground. If a.........f different dotcctors, a". havi, tm b t spectral response characteristics,

were background limited, they could not be identified individually on the basis of NEP, D, D*, or a
l ~class I designation. This wouid .be so even though they might be made of different materials and/or

have dillerent time constants.
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(4) The signiticance of the figu,-t uof metrit MA and M is not clear, particularly in reference
1 2.

t3 .,a:- 11.1ýs d,,,i,,. .. in go from class ii to ciass i. the reference might well be to the

0macKgIr,u!IoO- IInmteQ condition in Woth cases,

(5) The units of D* have received considerable attention and at one time wor-e a matter of con-

t roversy. Jones' original definition of D* appeared in the form

iD* =/A Af I

Thus it appeared that the definition normalized D* to a unit area and bandwidth, and that the unit of

D* was reciprocal watts. Thý_ unit seemed appropriate since D* was an intrinsic measure of a ma-

terial's ability to detect radiation power. However, considerable opposition arose to the normalization

procedure adopted by Jones, and the units ultimately acicepted were those that appear in a straight-

forward examination of dimensions, namely, cm • (cps) 1 '2 . watt . These units might appear some-

-What pecu-li". r in that D* is supposed to provide a measure of the intrinsic ability of a detector ma-

terial to respond to radiation power, and yet contains the dimensions of size and frequency. Never-
theless, D* appears to do its job on the basis of data available to. date. An explanation of this seeming
contradiction appears to come from an examination of the equations derived earlier for NEP in the

varioui noise-limiting cases.

Consider the G-R case where

NEP B H -H.VA.Af

The factor N A l•Af cancels in the computation; of D*, so that the remaining factors provide the umts.

The quantities q B and q S are efficiency factors. Therefore, the dimnensional analysis is simplified

towat
4 PhotonsB cm - secD* "• H- = "2--wa-

'B , PhotonsBa' cm • sec

cm 1 Cm1cp.

•sec watts watts

since the numbers of photons are dimensionless, and the reciprocal of time is equivalent here to a

1 2frequency. The derived units of D* becones cnm.(cps) watts, consistent with accepted usage.

An interpretation of the meaning of the units of D* can now readily be put torth. In the measur e-

ment )if NEP, radiation power from a blackhody illumnnatcs a detector to generate a signal voltaLce

6A
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VS A noise voltage VN is obtained when the detector views an ambient biack background. VN may

result fro.i, iiackground Iluctuations or noise sources internal to the detector. In the backgrouno-

iu c-e. it is shown above that D* is dependent only on Js1 JB' and H, while being explicitly

independent of area and bandwidth. These are ail factors in the measurement procedure, and the

units of D* can be attributed to Js a the quantities represeB'. • .. hs uniisrpeent :the numbers 01

photons and watts per unit area, it is clear that the measurement Is inherently normalized. Thus if

,w,_h- t2 "--ft-'m a r S . ,& .&, eurements in which the bandwidth and, or the area are varn-

si es. the xperiment would be carried on with constant JS1 JB' and H. The evaluation of D* in this

situation is truly independent of detectdr area. It appears, therefore, that Jones' intuition and ex-

perience leading to his judgment of the significance of D* were correct.

It is fruitful to examine the units Uf D* in the Johnson- and shot-noise-limited cases. The ap-

propriate expressions can be obtained by inserting Equations 4-14 and 4-26 Into Equation 4-63. They

are for D* limited by Johnson noise:

q sJseEL "_r _

D* , ,kTH 2

and for D* limited by shot noise "n . _

In the Johnson noise case, the quantities eEL and kT represent electric and thermal energies, and

have the same basic units. Let us separate out Lhese factors in the dimensional analysis.

SD. qEL 1 S
ItT /jjnH

treating the case where '7 < < 1. and omittirng all numerical factors. Substituting units provides

Energy eiec Photons/ Area -Time.
eergyvthr watts/Area fhnI2

EnP~rgy,,P, CM i
E nerg "' - - " atts t i T m e.rtherm

I D Ca" ,-cps
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In the case of shot noise, the quantity n, o L is unitless, eEL is an electric energy, and D* can be

eroe.-,s.d dimensionally as

Energy
elec Photons/Area. Time

D- ncr -t-m r F wattss/ Area "... -therm

or, the case of 1- ' I. On simplifying

D Energy elec cm 1

m0 negthr wattsv'mi

-cm

wat' 3

It is clear that units are consistently maintatned foz :"'fi 'the ditferent noise-limited cases. An
:interestin,ý fea~u- Wf 1.6.. : -' -is" -

Wenre of thi examinfl5tio. sthal th ratl -1, *, ans electri enrg t oS a thermal energy

appears as a factor for the Johnson noise-limited case, and that the square root of this quantity

appears in the shot noise case. This is coneistent with different mechanisms respontble iur Lhe

two cases. In both cases, an increasing bias voltage and a decreasing temperature should result f.n

increasing D*. The density of carriers n is also dependent on T, and decreases with reduced temp-

"-rature. However, reduced T can also affect the magnitude of the energy gap, changing the cutoff

wavelength, and also affects the time constant 7. These apparently are the facturs that are adjust-

,hie. In particular, when seeking the optimum bias for a photoconductive detector. it may well be

i niatpr (f ransiniv the bias until an increased temnuerature from Joule heating results. Further

]iia.siiLc ctuki cause adverse temperature effects, and therefore a reduced D*.

(6) In a recent statistical! analysis of the NEP's reported on lead-compound film detectors,

Limperis (Reference 4-13) reported that these excess-noise-limited detectors follow an A1/2 de-

pendence. confiriiniu the treatment of Section 4.1.1.2, Until recently, data did not clearly indicate

.1 cjioi~tct't cn'iottr,, dependence for NEP. There were two factors whtch prevented obtaining con-

sistent data:

ta) Limiting detector noise sources were not uniformly distributed through the detector.

i/ed rt•,i )n S, the crystai's surface and within the bulk. Detectbr technology has now reached the

,k "iw it hrt- nilirml) Sources o1 nois frotm the crystals suriace and bulk are oeconiing the dominant
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(b) The, phouore-ponse was generally nonuniform across a detector surface. The film de-

1ec.•,rs were particularly difficult to deal with in this regard, as shown in Figure A-16. Therefore,

an effective detpr-tor area has to be defin•d, which Jo-r- sug v Led as

y (x, y) dx dy
'A

A =

e

where y (x, y) is the local responsivity of a detector at position x, y on the surface, may x isthe

mixirnum value of - (x, y) obtained on scanning a small light spot over the surface.

It appears that detector technology has Improved to the point where uniformity of noise ge-neration

ai d response is sufficiently advanced to provide reliable data for analysis.

4.2.3. PETRITZ SYSTEM OF CLASSIFICATION

4C2.3.1. Information Capacity and Efficiency. Efforts to establish the performance capability

have concentrated on NEP and its meaning in terms of a reference number such as D*. Petrltz sug-1 gctcdt tLl [i VA vvly bvlvý u, evaluate a detector, additional Information is required. In particular,

it is important to know not only an rms q-arlify such ae .EP, but in addition the rate at which the

detector is able to collect and provide information, and how efficiently it is able to convert absorbed

signal photons to "bits" cf Inforrmation. Petritz applied information theory to establish a complete

system that would describe a detector, and provide a systematic approach to the selection of an

optimnum detector for a given applicati.i. The treatment is son',ewhat detailed, and can only be

summarized here. The interested reader is referred tA two pu,,lcatlons which ipp, y (R.fei--.. ens

4-14 and - 15), and from which the following material is drawn.

The basic equation of information.-theory states that the maximum attainable information capacity

or rate. C. of a channPl nf infinitairn.al bandwidth, df, is given by (Refe*,eices 4-16 and 4-17)

C(df) _/ log 2 [i %VVN)21 bit s/sec (4-69)

while the capacity for a finite bandwidth Af = f2 - fI is

C(, f) loiz [I (ývv2 df (4-70)

fl 2 
d
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.i.. .. . .. . .. .f idJ".r', i1 0It, i. the information gained in a measurement where there are twc

"".ýquaity prJatOlit rut'.. 7 nu•, hl lr_.. m .a w o. a .tierniar value is measured.

For the case where the signal tc, norse ratio is idneuudeua uf tic nunc; (as flr C R noise), the '.n-

Lf-rmation capacity is given by
it

*(Ai) = Af log 9 I (V./V.)'j (4-71)

The dependence of C(Af) on V S/VN is. shown in Figure 4-5. Notice that when the signal-to-noise

ratio is unity,

CN = Af (4-72)

or the number of bits of information per second is equal to the bandwidth. For Me case

Af =I/TJl " 1/

the reciprocal of the time constant is also the information capacity. The information efficiency is

defined as

C (bits see = C blts/joule (4-73)
_P (watts) P

C(A44/19 f 10 + (vst/vNg

S1.0! -- = -

( + (V/SIVN)0.1. -- 4k =1 1 ,0/92

0.01 0.1 1.0 10 I 00 1000

(Vs /V )

FIGURE 4-s. INFORMATION CAPACITY AND

rI DFORMATION EFFICIENCY AS FUNCTIONI1,
- OF SIGNAL-TO-NOISL RATIO
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or expre.6j~ it, jruis )jount

V/ = bits/quantum

where P is the power flow to the detector.

The dependence of ý, on the signal-to-noise ratio fnr the rirrowband condition is obtained from

* hquatucn 4-0l, and the definition of NEP:

log o2 [1- (Vs/VN)2 1.Af
(VS/VN) NEP

I .V062 Lr IsrN jD -Af
i ~Vq/VM I

where D is independent of the signal-to-noise ratio. Figure 4-5 shows a Plot of us/DAI ve!-,.

VVVN. A maximum appears at a ratio of signal to noise of unity, indicating that the detector is

achieving an optimum number of bits of information per incident photon. This simple tre*~ment

provides a meaning for information capacity and efficiency. Petrttz then goes on to systematically

examine these quantities and signal, noise, NEP, and dtecttvity for the Johnson-, excess-, and

G-R-noise-limiting cases, as well as for the general bandwidth case.

The result of this analysis provides a series of normalized expressions and curves suitable for
I

evaluating NEP, CN. and tN (subscript N refers to case where V/VN =1), when experimental data
Ns .V

for the detector's noise spectrum, signal spectrum, and responsivity are provideo. in addition it

was iound that a detector generally achieves an optimum information efficiency in or near the rUefI

crence condition L.-f = /'4- (where 7 is the rL-.pponsive time constant rather than the reference time

constant of Jones); that it is generally costly in NEP. C.. and V/_. to use Af > > /7" 4, and finlly that
IN IN

NEP is improved at the expense of CN and i'r when Mf <- 1/4T.

In copclusion, information efficiency was shown to be a measure of the performance of a de-
'ector in !!hat it expresses how efficiently a cell converts radiation energy into bits of information.
Furthermore, it expresses how NEP and information rates are exchangeable. It can be used to com-

pare. cells under the condition of equal information rates, under the condition of maximum information

efficiencies, and in fact udder any arbitrary conditions. Petritz recommends therefore that infor-

mation efficiency be considered as a figure of merit for radiation detectors.
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_.2.3.2. frequency Compensation. From the remarks made above in Section 4.2.3.1 regarding

the relationship oetween Ai ana -, it is clear that an exact relationship between Af and 7 is not sacred.

If one needed improved NEP, and If information efficiency or capacity were not imnportant factcrs, a

reduced bandwidth of operation could be used at the expense of increased measuring time to obtain a

desired result. Ultimate perfc.mance along these lines would be obtained using a synchronous de-

I - ~ ~ **~*~-I~~ CU W&CUL. V VA LLIALL

has been said up to this point, however, about the possibility of using a bandwidth greater than that

suggested by 1/4T. It is clear from the subsections of Section 4.1, that the responsivity Ln our gen-

eral, simple case decreaset as r ,1 + (,T) 2] -1/2 and that the noise may fall off in the same manner
L

(G-R) or 1/i (excess), or be essentially flat (Johnson). It will be worth while to determine whether

there is "nything to be pined by an extended bandwidth operation for these limiting cases, where the

signal-to-noise ratio is greater than unity. We shall consider here a Q-R noise-limited condition,
referring the reader to Petritz for a detailed treatment oi all cases (Reference 4-14). In this par-

ticular case any frequency compensation techniques must boost the detector's signal and noise to the

camrne extent. Therefore, any compensation that applies effectively must relate to the flat Johnson

and shot noises of the preamplifier system as an effective limiting condition. In the analysis that

follows, the responsivity will have the frequency spectrum associated with a Aimple exponential type

photodecay, and the limiting noise will be treated as flat and assoc atted with the preamplifier.

Conaider Figure 4-6, where we are interested first in responsivity curves B and D. These two

different responsivities are related to detector time consta.is `1 and 73 by

T' I T-

'3r

where 31 is a constant relating signal volts to watts independent of frequency and time constant. Fi-

---------------------------------------- F. hu_- fo dctcctzr.- thc;t a g--
b-y
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GS-t

I 81 _ / B - F

ft f =ft it
3- a ._2

LOG FREQUENCY

FIGOURE 4-6. FIUrQUENCY COMPENSATION

Let us see if it is possible to apply frequency compensation to detector 3, so that its performance

"at etended frequency can be made comparable or better tha, detector 1. Consider a compensation

system that has a frequency response

The compeen.ated responsa of detector 3 is

),•_ = . VA. -- S 3
•,- o~ v t 1 W73)2

which extends the: frequency response curve out to fw as shown bE.The fltnoiseFsptrmi

also modified by compensation to

VNC V

I! T (•3) 2ý
.N- v11~ l -1 ý

as described by curve G. The new detectivity of detector 3 is
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..hi-h is the same as tor the uncompensated detector. Comparing this with detector 1,

Y.. . • •y3  ".•, 1 T

VIVN I-

fnr all frquencies. Thus the compensated slow detector has at least as good a responsivity as the

fast uncdmpensated detector. This results basically from the dependence of responsivity on lifetime.

Thus iD this C-R case compensation is profitable.
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5

DETAILED DESCRIPTION of DETWCTORS
Confdetial.

5.1. (Confidential) INTRODUCTION TO DETECTOR[ ENUMEittnTiON, by Thoma" Limperis

The fundamental problem which faces the infrared scienUst or engineer regarding detectors is

choosing the best cell for h" i application from the many different kinds of detectors available. Many

of the detector paraneters must be taken into consideration before the final judgment can be made.
They include:

(1) spectral response
3 (2) detectivity

(3) resistance
(4) noise spectrum
(5) relative response
(6) time constant
(7) parameter linearity
(8) sensitivity contour
(9) cooling temperature

(10) availability
(11) magnitude of signal ard noise

Usuallv the most Important of these is the absolute spectral response, for Lte detector must be sensi-

tive in the wavelength region of interest. Perhaps the next most important parameter is the time

constant, since it provides a measure of the inf-ormation capa .ty of the detector, Ti, magnitude of

sigral and noise and the resistance are good measures of the simplicity or difficulty of the electronic

design required, and the cell operating temperature tells something of installation difficulties.

In this section most of the above-mentioned parameters are discussed individually for all the

commonly used detectors. Composite cur.ves of the spectral response and a table of the other perti-

nent parameters are included so that a ready compari3on may be made. These summaries follow

immediately.

- -------. • " a. , iwictiun uf waveiengtn, ot most of the detectors

treated in this report and all of the currbntlv used detectors are shown in Figure 5-1. Values for

inimmrsed and animmersed thermistors are gnivn for comparison. Unless indicated otherwise, the

cur'c.s are for representative detectors - those that would be delivered by the appropriate manu-

f• f�l, s c nmost of the time. F:,r ield sulfide, lead teliuride, lead selenide. and tellurium, valu p, for
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wvc- is accurately apprixiniaL.ad bv a superposition of two saw teeth,'one corresponding ty the

intrinsic alis- ti -t r.tgicr iiid tiht- ,tlthi LU We extrinsic absorption region. More exact approxinoa-

tiuns tU the Lctua! curves can also be used. Smith, Jones, and Chasmar (Reference 5-1) did this for

lead salts. A brief explanation of how to compare the theoretical limit with the curve for any given

.'t•,- '• •n o~rderTh hcorctical ilimit af peak DT (fur a 3000 K bacicground and 1 8 0 0 field of view)

is plotted ;is a function of the detector long-wavelength cutoff. The cutoff is defined as that wavelength

a; -1.6 D, bý a decreased ov a tactor of 2 from the maximum D*. To find the theoretical limit of

detectivitý, one simply determines the cell cutoff wavelength and reads off the D* peak value from the

curve. By comparing this value wit, the peak D* of a representative ce-ll one may observe how close

detectors approach the theoretical limit for that material. In cases where the material is relatively

n one can expect the difference to be large; and, conversely, when the state of the art is quite close

to the theoretical limit (a factor of an order of magnitude or less), little improvement should be ex-

pected in D*. However, increases in detectivity can be obtained by limiting the detector field of view

with cooled shields (see Chapters 3 and 4 for a detailed discussion of this). Ymprovements might also

be expected in terms of reproducibility and para.neter stability. For example, the lead salts have

average detectivities about an order of magnitude from the theoretical limit, but much is desired in

the way of parameter btabilityi

Other parameters of detectors are presented in Table 5-1. Ranges are given for the impedance

2nd time constant for each material. One should keep in mind that for oxygen-sensitized film-type

detectors, either impedance or time constart may be optimized at the expense of the other, often with

some sacrifice in NEP.

In many detector applicacions, high levels of background radiation exist. Consequently some

mcasure 0l tLe photosaturatiuA (6r ,iuninear effects) is needed. We propose a figure of merit, Hs

which is deftned as follows: Hs is. that level of effective background irradiance incident on the de-

tector which causes a degradation of a factor of 5 over noise equivalent power which was measured

with a background temperature of 3000 K. The factor of 5 has no significance except to indicate the

level of background radiation where photosaturation is appreciable. This degradation can be caused

by an increased noise level or decreased responsivity. H gives the equipment designer a measure of
s

the cell performance in high-temperature environments such as exist in infrared-guided, high-velocity
missile sveterm' The figure Mot r.p.rt.d l•. .. , T"ail 5-i was caicuiatea trom the data generated

by Molitor et al. (References 5-2 to 5-5), who made measurements on PbS, PbSe, PbTe, InSb, and

.Efecti,-e background irradiance implies only those background photons which have wavelengths

in the ipectral regicn to which irle detector is sensitive.
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-T -me HI, Cell
Mater:al Mode Resistance Constant D, Peak X Peak Temp.

2 1/2 -1 (1(Msec) (w/cm2) (cm. cpsI. w-) (a) (0 K

3 j 11
PC 0.5-1.5 M9 150-500 1.3 x 10= 1 x 10 2 300SbS PC 1-10 M2 800-1500 6 x10 2.5 77
PC 50K-5 M2 1-10 5 x 108  3.4 300

PbSe PC 0.2-20 M9 10-20 4.5 x 1010 3.4 228

" PC 5-100 M.9 10-30 2 x 10-2 8 x 109 4.7 77

PbTe PC 0.1-10 M9 i-10 2 x 10' 3.2 300

PC 50-100 M9 -15 5 x 10.3 8 x 10 9  4.5 77

2 . .. . . .. . . . . . .. & . 0 A V 0 . 0 3 0 0

Te PC 500-2 KQ '60 4.8 x 1010 3.5 77

PC 1.0-1002 <1 1.3 x 109 5.8 193

PC -2009 <c 4 x 101 0  5.3 77

L-Sb PV 200-200012 <1 1.5 x 10-2 4 x 10I0 5.3 77

PEM 2-302 <1 I x 108 6.4 300

InAs PV 30-2009 -2 8 x 109  3.5 300

Ge:Aul PC 0.1-5 M9 <1 8 x 109  5.0 77

Ge:Aul1 PC 1-40 M9 30-1000 3.5 x 10-4 1.5 80
_A0G.e:C PC <1 2.7x10 17 26

Ge:Cu PC 30KQ-20 MQ <1 3 x 010 2 5 -15
_________________ 310 201

Ge:Hg PC 2 x 9 35

Ge:Zn PC -0.5 MT <0.1 1 x 10 34 4.2

.e-Si:Au PC -0.6 mu <1 2 x 10 9 60

Ge-Si:ZA PC ~30 M. <1 2 x 109 10 60

S7 PV 770 M9 -4 9.6 x 10.9 300
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Gc.'. . nfi- ( CO, 1', icponsivity, and NEP were determined as functions of background

liu�i�f-iu. buie b-le _ia-ur oDi USs an av'erage over tne d-ree celi;s for Lhe.uihers uniy one8 :

detector was measured. Unfortunately, these data ire not available for all detector types.

In sume detectUr- tplicatiUnb (i.e., ilfrared synteums in lt-trplanetary space), the detect-,r is

subject to high-energy particle buomardment. Consequently, some knowledge of the be.ha-vIor o1 de-

tector response to high-energy particle flux is of value. Unfortunately, the majority of -•:rk (Ref-

erences 5-6 to 5-11) in tl:is area ,as been directed towards observing these effects in the lead-salt

detectors only. This may be because room-temperature cells are so convenient in these applications.

Immediately following are detailed descriptions of the individual detectors. T~he first of these

sections describes the lead chalcogenides (PbS, PbSe, and PbTe). This is followed by discussions of

impurlty -activated germanium, impurity-activated germanium -silicon alloys, tellurium, indium

arsenide, and indium antimonide.

I
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5.2. THE LEAD SALTS, by Thomas Limperis

The lead chalconcrcnidcs were the first most highlv dex eloped. hizhlv reproducible infrared

qa.-.t-m detectors available for scientific and military application. The early work on these iaterials

dates bark to World War II, when German scientists developed two methods for pioducing a new type

of lead-salt detector which was composed of a thin polycrystalline film. One method of preparation

wan to deposit the film by chernical means. It is interesting to note that chemical methods for de-
positing lead sulfide hiims have been well known in the mirror industry for nearly half a century, but
such reflecting filns exhibit little or no photoccnductivity. The other method is an evaporation tech-

nique. The film-type lead sulfide detector was first.produced Ii. the United States in 1944 by Casnman

at Northwestern University (Reference 5-12). Subsequently. in 1945, Sosnowski et al. (Reference 5-13)

of the Admiralty Research Laboratory (now the Services Electronics Research Laboratory) produced

the first lead sulfide film-type detector in England. More detailed information on the history cf these

cells may be obtained from a special issue of the.Proceedings of the Institute of Radio Engineers

(Re.ieei'ice.5t 5-14' andi,,, 5-15).

The detectors which are available today are on the average far better than those used during and
immediately after World War 11, although some of the old detectors are as good as any today. Al-
though more is understood today about the operation of these detectors, there is still a reasonable

amount of cut and try and "do-it-cause-it-works."

Three photoelectric properties of the lead salts have been used for the purpose of detecting in-

frared radiation. They are the photovoltaic, photoelectromagnetlc, and photoconductive effects.

Photoconductivity in polycrystalline films has been the most frequently used effect, since the photo-

voltaic and photoelectromagnetic modes require single crystals. These crystals are still relatively

difficult to make, and, since their carrler-recombihation time is very short, only extremely small

photocurrents can be obtained.

The spectral response of the three types of detector has been measured and reported in the lit-
erature. Moss (Reference 5-16) has measured the PEM (photoelectromagnetic) response in Wisconsin

galena 01 high p,'rity. Fischer et at. (Reference 5-17) measured the photovoltaiz response in Sardinian

galena. The long-wavelength limit of response for these modes in the galena crystals -was 3.0 j4.

Scanlcn and tieberman (Reference 5-18), using synthetic single crystals Df PbS, PbSe, and PbTe,
measured the roum-temperature photovoltaic response, and determined the long-wavelength limits

as approximately 3.3 .ý, 5.08 -. and 4.0 i respectively. Tne long-wavelength limit is defined as the

wavelength at which the response flls to 1,2 the peak value. The carrier lifetime in single crystals

was iund i)v ithese and )ihear workers i J },_ several orders of magnitude shorter than the lifetime in

thin. fili .
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Models for Photoconductive Detection with Thin Films

"When tnin _iiis wt the lead salts are examined under a microscope they appear to be composed

of small single crystals 0.1 to 1.0 a long (Reference .- i9), separatec by barriers 0.001 A wide.

These barriers are probably compos.d of PbO andvor PbO. PbSO 4 (Reference 5-20). The lengths of

the microcrystals are dependent on the amaount of f9lm oxidation (page 1869 of Reference 5-21 and
Ki

Reference 5-22), where longer oxidation periods result in smaller microcrystals.

Optical absorption (Reference 5-23) and electrical conductivity (Reference 5-24) measurements

on sin.gte crystals of the lead salts have shown that the energy gap of the single crystal corresponds

to the long-wavelength limit of photoconductivity of tne film. Thus, the photoelectric process in which

free carriers are generated by absorption of photons involves a main-band transition in which an elec-

tron is raised from the full band to the conduction band, thereby leaving a hole in the full band. The

role that oxygen plays in the photoconductive process therefore must be found in the rkombination

of charge carriers. Recombination processes are discussed generally in terms of the carrier life-

time ox importance (References 5-20 and 5-25 to 5-27). Three models will be discussed briefly.

In the intrinsic-carrier model (Reference 5-25) oxygen acts as a p-type compensator impurity

to balance the n-t~pe impurities in the film. Both the lifetime and the humber of free holes and elec-

trons are equal. Recomblnationoccurs between electrons and hoies either directly or via r.comibifiatlon

centers; Ma.imun: response is obtained by minimizing the electron and hole densities by compen-

sation and by maximizing the lifetime of hole-electron pairs.

In the minority-carrier model 'refereitces 5-25 and 5-28), the film is visualized as a composite

of microscopic n-p-n junctions. The crystallites are n-type with a thin layer of p-type material in

between, presumably produced by the oxidation treatment. Barrier modulation plays an important

role in this model. The diffusion of minority carriers across the p-n junctions results in lowering

the space--charge barrier at the junction, thereby allowing more current to flow across the junction.

A long minority-carrier lifetime and a low minority-carrier charge density are again necessary for

high responsivity.

The majority-carrier model (References 5-29 and 5-30) depends on the presence of minority-

c,ý,'rier traps in the film, whicL are due to oxygen or oxygen-containing molecules. The traps may
| ~ ~~~~~~~h•: of either the surfa-P or tho 1,-1.,1i, ... ..... Tvhe fr. ......:,,, ,,ý- a i•,t,vattýL ioai.Liy by tile photon,

w 'hen trapped, ieakes tile rnajoritN carrier free t:) v,nduct. The increase in the majority-carrier

hlelinle is prip-,rtiimal tz, the time liu" m nij ritv (arri,-r spends in the trap. tHigh responas vity is A)l-

tiL: I• i)•, " •li/I!i1 th. ii .i l'l ,!t liia:j "tv-c~arrO r l 'tilirm- to fihll niaj'rity-carrie'r dt'isitV.
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Secoudary arnplificatnon is also possible through lowering o;. the i:tercryst.liiae-barrier potential

by the trapped minority ca-riers.

Many of the properties of photoconducting films have been explained by the last two models. It

is not unlikely that both these processes and otiher mechanisms are present in the various photocon-

d'ictive films.

Band Gap

In 1952, Gibson (Rieference 5-31) and Clark and Cashman (Reference 5-32) reported that the lo-

cation of the absorption edge (and therefore the band gap) is a function of the temperature of the leapd-

s.alt crystal or film upon which the measurements are being made. An examination of this dependency

revealed that the edge shifts towards lorger wavelengths with decreasing temperature by the amount

of 9.5 x 10-3 g/°C, this cor. esponds to a decrease in the 6nergy gap of 4 x 10-4 ev/°C (Figure 5-2).

This shift is anamolous since the abaorption edge in most semiconductors moves towards shorter

wavelengths with decreasing temperature.

One method for theoretically determining the energy levels in sollds is to consider tho lattice

sites widely separated and t- observe the behavior of the discrete ttomic energy levels as the atoms

are brought cioser together to form the crystal lattice. Becausc of their charge iiteraction, when

the atoms are brought closer together these discrete energy levels broaedm into bands. Two possible
behaviors are shown in Figure 5-3. The ntornial spacing Is a room -temperature condition. U the"
lattice spacing is decreased slightly from the room .temperature position by decreasing temperature

0.50-
04 Normal Spacing Norma! Spacing

0.20->• 0.35-

0.20 - 1-=1 Gap

___Valenc Band v alence Band

........... 2 1LATTICE SPACING LATTICE SPACING

TFMPFPATURE (O K) Ma)

FIGURE 5-2. CHANGE IN BAND GAP
WiTH TE.MP1ERFATU'RE FOR THE PbS FIGURE 5 3. ?OSSIBLE ENERGY-BAND DEVEfOP-

FAMILY MENTS
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vz- inzx.-raiir pi-..sd'rc, tGit ibaod gap uecreaes as in Figure 5-5(a) and increases as in Figure 5-3(b).

Presunilaniy the lead chaicogenides behave in a manner similar to that sho%-n in Figure 5-3(a). Elec-

r*');i la'Iict i-ia. ii.ti t b'ouit:UoLLg ot allowed energy levels by phonon-olectron interactio.l) alsn

affects the size of the band gap. With decreasing iemperature there is less interaction between the

.. ectron. andth. . a , thLo rc"Its, Il i-j jLh ý uf the • 4ienCV aiiid conduction bands,
and therefore a wider. band gap. The net result of the two effects described abovt (electron- lattice
interaction ann change in lattice spacing) is a band-gap change of 4 x 10-' ev/°C.

5.2.1. LEAD SULFIDE. Lead sulfide in single-crystal form has a blue, metallic appearance

"" Lnu cubic (sodium chloride) structure (Reference 5-33). It melts at 1114 0 C and has a specific

gravity oi 7.5. The primary impurities found in the natural crystals are zinc, copper, and silver.

The synthetic crystals are plagued with noristoichiometry which strongly influences the electrical

and optical properties; however, synthetic crystals with resistivities up to 1 ohm-cm (almost the

LN intrinsic valu6 at room temperature) have been prepared by Scanlon and Lieberman (Reference 5-18)

by growing crystals in a controlled vapor pressure of sulfur.

Mlany of the optical and other physical properties of this material are reported in a recent IRIA

publication (Reference 5-34).

5.2.1.1. Absorption. The long-wavelength absorption edge of lead sulfide has been determined

by Scanlon (Reference 5-18) with high-resolution optical transmission measurements on very thin

crystals (Figure 5-4). For present purposes, the absorption edge will be defined as that point on the

absorption curve where the""slope is a maximum. The edge, according to Figure 5-4, for room-tem-

perature lead sulfide occurs at 3.0 ji (about 0.4 ev) with a corresponding absorption coefficient of

about 2000 cm- 1. Since the spectral response aqd the cptical absorption are related, tile position of

this edge is i mnnrtimnt. Infect, it lies at the same wavclcngth as the single-crystal photovultaic-

response cutoff and the polycrystal photoconductive-response cutoff, indicating that these responses

are due to absorption resulting in main-band transitions.

5.2.1.2. Refractive Index. In 1953, Avery (Reference 5-35) determined the index of refraction

r !cad........•i....n,, n,. l iegius, beyund the absorption edge (A -- J.U jo). The reiractive in-
dex wis found to change with the type of material and variations in applied oxygen pressure in a man-

ner not eraily expwlined. It varied linearly, however, with charges in sample temperature. The

temperatlmre dependence is illustrated in Figure 5-5.
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5.2.1.3. Resistance, The dark resistance of a lead sulfide cell is independent of its sensitive

area as long as it has a square geometric configuration. TP's is true since the resistance is defined

as R = f/owd, where f is the length, w is the width, and d is the cell thickn6ps. A typical detector
c

made specifically for room-temperatitre operations will have an impedance value of 1.0 megohm at

room temperature. Upon cooling, the impedance will increase to 30 megohm's at ory ice teoiperature

and 60 megohis at liquid-nitrogen temperature. The impedance can be controlled during the manu-

facturing process (probably by controlling the amount of oxygen sensitization) within the range of 1.0

kohm to 100 megohmns (Reference 5-36) for detectors at any temperature. A wide range of cell im-
pedance can also be o:.ained by varying the cell geometry (varying the ratio of P/w). The Eastman
Kodak Company (Refereiwe 5-37) has reported an impedance variation from 6 x 103 to 10 - ohms for

room--temperature cells. Figure 5-6 illustraies three possible cell configrurations to obtain this

.atitude. Figure 5-06(a) shows the geometry of the conventional cell where f is the length, w is the

• idth, aid d is the film thickness. The cross hatching represents the gold electrodes, and the dark

Dortion is the senisitive filIm. Thp crrt fo, " -,.-- CIad ý; tc; ahimPedaaic.

U .• Conversely, a configuration such as Figure 5-6(c) results in low impedances since w " f.

One of the problems incurrcd when using cells with these geometries is the loss of a portion of the

energy from the target sincc the image may overlap the sensi.ive area.
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'No

(b) c

" FIGU'If 5-6. PbS-CELL CONFIGURATIONS

The cell resistai~ce ýs also a function of the level of background illumination incident on the cell.

This dependence has been determined by using an Eastman Y.odak PbS detector. These data (Reference

5 2) arc prezcntzd in Figur2, 5-7.
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5.2.1.4. Noise. FP'gurc.s 5-8 and 5-a show the iolse spectrinn' and frequency response of a typicai

celi, wtich was selected as representative of PbS cellsin general. This selection wa~l

made from (we of the NOL)IC (Naval Ordnance L~aboratory Corina) rev~rts f2- Plos (Refercac 3-8)

~1001 It
C-801

r60]

U440 101~

101 12 10 10 10 10 10 10 10

FREQUENCY (cps) FREQUENCY (cps)

FIGURIý 5-8. TYPICAL. RELATrivE RESPONSE OF I-aS FIG UHL. 5-9. TYPICAL NOISE SPECTRUM OF PbS

The noise power spectrumn appears to be approximately I/f (corresponding to a nois-'-voltage

spectrum of approximately I If 12) in a range between 0 aiid 100 cps. In the range hiorn 100 to 1000

i-pq G-R noise predominaitcb, and beyond 4000 cps? the mAior contributor is Johnson noise.

If bo0th the frequecicy response and the noise spectrum are examined simultaneously, it may be

ntdthat, iftt,ýi juppilig freq~uency is in tile i/1 region o1 Wne power spectrum, the relative response

of the cell ir at a maximurn. The cell still yiclds mnaximumn re.-ronise if file chopping frequency is

increased to approximately 150 cps where generation- recombinaation noise begins to dominate. If one

attemipts tfo cho)p ini a region wAhere Johnson noise is limiting, beyond 4000 epsI the relativc epoe

will have decreaspod hpcause of time-constant considerations, and the signial-to-noise ratio will have

clop~ !!fcitv tap-i rmth oeon ics~nta n ol kp to obtain a niaxi-

mumn sienal-ti-noise ratio hy chopping at frequencies just beyond the luf-noise region, where the
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by Molitor et al. (References 5-2 to 5-51. These results indicate that the noite ",ltage in PbS is con-

stant for background illumination levels from 10 to 4 x 10- watt/cm

5.2. l.j. Immersion. Several manufacturers have reported successful immersion of PbS films

(Figure 5-10). infrared Industrics, Inc., has available PbS detectors immersed in eitheir sapphi e Of

strontium titanate which allow temperature cycling Lfom - 196 0 C io 100 0
C, implying that temperature

charges in this rcgion wit •1 not seriously effect the cell charvicteristics.

Tne Eastman Kodak Company is presently using Kodak selenium glass and "other materials"

(presumably SrTiO3 or pressed compacts of the Trtran series) as Immersion materials. These lenses

are available with radii ranging ,rnm 2.5 to 13 mm. (Note Appendix B on immersion techniques.)

5.2..1 .. Radiation Effects. The effects of nuclear radiation (gamma, fast neutrons, and protons)

on PbS-detector parameters have been studied by several researchers (Refereaces 5-6 through 5-11).

A summary of the recent measurements by Billups and Gardner (Reference 5-11) is presented in

Figure 5-11. Their work was directed towards recreating the ,nvironment believed to ex= . i'. the

Van Allen radiation belt (References 5-39 and 5-40). Radiations of 7.5, 133, and 450 Mev were used

in the experiments. Changes in the parameters of responsivity and resistance were observed as a

function of total flux dosage (integraterl flux); the results nre presented in Figure 5-11. Integrated

68| 7.5 Mev
- 80-4 133 Mev . .

"L 60 c 450 ev
40- aThermal

Z 20- Neutrons4 j',p

SrTiO 203 .-. : ,..L., *s- .-/ = . I

0 A

~PbS Film -100 -~~
h__V_] " nlu ,12 ,,14 ,16 _^18

_P1S Film INTEGRATED FLUX

FIGURE 5-1]. SUMMAIIY (if DATA ON THE EFFECT
SFIGUIE 5-10. IMMFII{ I) l'hSY (I-" NFt-CLb'AR YLI'X ()N Pbs CIIARACTERISTICS.CON FIDE M N-.It A-- rrnp-.n<i;-tv
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12it fudtacelwhs

.;u:-ej uf 101 correspond 2 years in the har-it qf the v-" Alen bott. It .as found that ce.ls whose

re.sponsiv:ties degraded bv, 5071 or leq re,-,'ercd rapl;ý'; (a a mat.er of ilours). For degradations

laiger than this the recovery tiec iz lon,.Ž_,

5.2.1.7. Detectiwty. Over- the past nine years, NOLC has'disseminated a large amount of dita

on the photoelectriL I uperties of photoconductive detpetnrc I f-ea' ctactra- o6 ihe photovoltaic and

pliu,tuiectroinagnetic type have also been reported) which havc been Constructed from a large variety

of mlterials. The detectors uscd i thes measurements were sent to NOLC Irom the cell manufac-

turers. They represent, in some cases, the contractor's best effort at that time, and, in others, the

average detector from a large batch. The room-temperature PbS data reported since 1956 were used

statisticallyjin this section. Slightly over 100 cells are represented in this statisl;cal study. The

results are shown in Table 5-2 and Figures 5-12 and 5-12. These piesentations are described in-

dividuallv In-hlu

12 Mean ( ISTA'rIsTIcs

10 1... __- -r- -I- -__!_
S( ) • -Mean Vaive 9. 45 ,

InI Mo0'4  4.27
8 --- -j. ---. - Median 4.95- _ __ __

U I range 23.30
• |,4 ,I .•n{ MeanValue ( Average Deviation 5.40 Theoretical0 M !l , en , Val--u - Standard Deviation 6.50 --- •- Limit t--•

W I Variance i8.•0 i

n 'l J .- li

2 4 4 0 10 12iT 14 16 18 20 22 24 2.5 x 101

D* (10 1watts-1)

FIGURE 5-12. HISTOGRAM OF D* VALUES FOR PbS DETECTORS

Table 5-2 contains a list of all the reports from which the data were obtained. Included in the

tahle are the pertiwont cell parameters along with the name ol thp eol! manufacturcrG an a, reierence

I t, the report. For example, the first line presents the parameters from 39 cells manuiactured by

IRI (infrared Industries. Inc.). All of these ceplls had sensitive areas of 25 mm . The average valuej of NEP. -. dark rý- stain., cell tenipersiure, wavelength of peak detectivity, cell noise voltage, and

cell current are ffiven. The standard deviations from the average values are also given for each

86 CONFIDENTIAL

a



CONFIDENTIAL

hmuiuv? onr bcene o nd Technology The University of Michigan

Maximum Value
'I-i of 100 Cells

AVL-rae Vau ii
1rum .00 Ceilis

I .

1 :10

1 2 3

WAVELENGTH (it)

FIGURE 5-13. ABSOLUTE SPECTRAL RESPONSE
OF Piq CELLS AT 300 0 K

parameter to indicate the spread Df values. Two cells Irom NOLC Reports No. 397 and 400 were

omitted from the study because their charnrtpr,-ticF" dcvlatcd grcatly iiui the rest oi the cells. The

tinlhic COinSl'its wei-s daterviiined by bhiinini a sauarp-lwP1' r,,i'e . .";h, .n te L-1 ii i determiuiuis•

the length ,f time Jt took the ýignal voltage to reach 63 1 of its maximum value. In the last line of

the taie Cie time constant is lited as 7-effective (the effective time constant). This is determined

1y nhservicng the cell respn,,ie as a function of chuppin! frequency.
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U iv~gra~ L) ~\ , 0, 1) ;iuvc. The data. i.jr tiio~b vain. aeiie uLtailedi
pk'

roam the reports enumerated in Table 5-2. The theoretical limit of detectivity is included for. com-

pa.•_•r- Thi, value •'.as det-rnine.l by using the theoretical limit of NEP for room temperature,

cells dctcrmincd b- Snmth, Jones. and Chasniar (Reference 5-!). The calculations were made for the

oackeLround-Iimited rase (i.e.. detec.ctrs whose noise limitation is due to the random arrival of back-

iow uud phioto. It i. inreiu sting to note that several detectors differ from this theoretical .imit by

a factor of only 10. The mean value differs from the theoretical limit by a factor of 25, which in-

dicates that the state of the art is good. The mode or D* (Apk, 90, 1) value which occurs most fre-
quently i3 4.3 x 1010 cm. ep. ,2. watt-1 Today, all major PgS cell manufacturers guarantee a de-
tectivity of around 1011 cm - cps

1
>

2 
. watt- 1

, and they will provide cells with higher detectivlties at

extra cost. .

The theoretical limits of D* as determined from Smith, Jones, and Chasmar generally require

some modification in order to make comparisons with the D* values of actual cells. An examination

of their analysis shows that the parameters are cell temperature; Am, the wavelength of peak response;

A0o the wavelength where the response is down 50%; and, Ak, the wavelength where the response is down

down to 1/ 100 of its peak value. For lead sulfide detectors at room temperature, Smith et al. chose
2 a• g for the wavelength of maximuyir response (apparently based on some early data of Moss),

whereas 2.1 A would be a inure i ealistic choise based un the average of 100 ceils. The shift of 0.4 gi

to shorter wavelengths• will increase the value of D* theoretical limit because a smaller number of

room -temperature photons are involved in producing generation- recomblnatlon noiss..

Petritz (Reference 5-41) has computed the detectivity, DBlip as a function of energy gap and

long-wavelength limit, Xc, defined by E - hc./A•. Although his calculation assumes that the spectral

response terminates abruptly at A., his D* values are only about a factor of 2 higher than those of

Smith et al., provided Smith's o is used. Thus, from Smith's table with A = 2.5 p and X = 2.4 ii,
0 m 0

11 1/2 - 12
D- =6.7 x 10 cm* cps .watt . From Petritz's curves with A 2.9 g, D* = 1.4 x 10 cm.

cps • watt. The change in D* with long-wavelength limit should be the same by either analysis,

alth,wgh detailed ealculations by Smith's method have not been done with A = 2.5 ji. From the

a' ciagc- aluL curve fU!" 100 CeIlb, A - 2.1 , 4,s, A =2.5 .:.. From Petritz's curve

D_() 2.5)C -2.5

The sýipe of the loig-'avelen~th tail in Smith's analysis is determined by the values of X and

I -t . p,•.i ta.it (he xp)Ur tae!I to rve- ) Fin.ure 5- 13 have about the same slope as the theoret-
"A "I "E . Lt :- d -'. .j "tiej ' .i )[l).tri,•- n W'ith the experimental curves, it seems reasonable t.)
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a- c ,at sniths curve should be shifted 0.4 j to the kit, and there the ordinatpns shoutid be multi-

pfiP& by the Lactlor 2.5.

A fe's nior i remiraks t-eearding the slope of the long-wavelength tail seem appropriaie since an

examination of zhe spectral response curves of PbS cells made yd-frn m~anulfacteii t~t shows

conmsidefable difference in the slope, it is well known ýtiat the long-wavelength tail o.' the spectral

response curt-e may be renrerv.nt~d Ill CXPiwcniii function of A.

S(A) conist exp fa(.k

The logarithmn of S is generally plotted, whico, yields; a straight line with Slope a. III Snithi's

anilysis a was established by the experimentally determined valuies of A~ and A VIn order to comn-

pare actual cell. detectivily with the theoretical lEmit for a given material, say lead sulfide, the ex-
pert mental values of X_. and kA. should be determined, an:4 a calculation similar to that of Smith et al.

made to determine the D, theoretical limit, provided of course that these wavelengths d~iffer from

those of Smith. Then slope a fur 11-U and E'CA (Electronics Corporation of Ainerica) PbS cells Is

flatter, at leasi in recent years, than those of other companies. At longer wavelengths, the D* values

for these cells in some cases exceed the theoretical limit unless the Smithr caiculation is modified.

Fig-aru 5-13 presents for comparison D* (A, 90, 1) as a function of wavelength of the theo:.±tcal

limit uf 0*, the maximum value of the 109 cells used in the study described above, and the average

value froni the same study.

Figure 5-14 is an interesting plot; it illustrates the dletectivity of rovii-temiperature lead tfd

cells measured by NOLC since 1951. Each data point represents the D* and vintage of one cell. TheI

points are highly scattered, and conseqjuently few inferences citn be made. However, the figure docs

illustrate the results of the PbS effort in that tirne interval. Tuje theoretical limit of D* is included

for comparison.

When judging the products of varioncs Piankifacturecs, more than one photoelectric properly

shouid he considered at one time. Fur example, cell detectivity may be increased and dark rests-

tance decreased at the sacrifice of time constant, or vice versa. Most manufacturers todav arp

aibie to construct these cells at either extreme. This may he illustrated by noting iii Table 5-2 that

the Eastman Kodak cells have a hierher D* value by a factor of appcoximately 4 than the others; how-I

t-var. the ;ivvra.cu timie ,ojstaiit )fitheqe cellF s ln in~uer thrti [hie time consttants f4 the other i-eli a t

.i lai- .4I 4. Ihis phenunieun i hast 1been obsurved 1by a io oilier of rcsearchers in) the held and was
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first repor.ted by hrcAh ster (Reference 5-42). He noted that

"her iS tht-. tinne constant, S is Jonlts' S, and C is a conbtant. S3 i- deiiui-d

-_ k NEPJf-

where f is the chopping irequency ard 4f the bandwidth. D* it a better measure of detectivity; it is

given t1y

.A va f
NEP

then,

D* - -

and finally

::-•constant
D*

Since the honn fre-.... ', is alwas 9n cps fnr dMOLC data, irf -may he Incorporated in the constant.

It should be noted that evaporated types such as the French cells of Table 5-2 shzw shorter time

rngtant.q at roorii temperature than tho~e prepared by chemical deposition. Evaporated types which
how poor long -wavelength response but which have time constant of 50 psec or less are widely used

i! sound reproduction and ii, near-infrared communication systems.

All the cell properties presented in Table 5-2 are functions of temperature. A typical time con-

stant for room-temperature lead sulfide films is around 500 Asec. This value increases to 5000 gsecJ when the cell is cooled to liquid-nitrogen temperature. The D* value increases at roughly the same

rate. Cooled PbS detectors were not treated statistically in this report since the data were meager.

However, typical time constants, resistances, and D* (A, 90, 1) ar' presented in Section 5.1. East-

man Kodak has reported a production PbS detector' which exhibits>a time constant of 9 psec with little

sacrifice in peak D* at room temperature. These extraordinary cells, however, have extremely un-jstae-7+ har'acteristics.

- Private c )mununicatis with George Koch of ..'astman Kodak Comnpanv.
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'.1.I.L Surn•ary. In -f the data prpeited al,ov-. ,oe -i0ht s;ky that PbS has an advanced

state of the art qnd that little irmn,- nt Sh-ld be expected in the xay ;f d--,vil.. .

r pr.-cnxnt is ,.ceded in other i-ospects if this cell is to be the maimstay in the 1- to 3-pz region.
These improvements should include stabiiity of cell characteristics, shorter time constants, better

Stability to cell environments was a problem for room-temperature cells in the early 1950'sIReferenace 5-43). The water and oxygen in the aia wa_ absorbed by the cell, thereby altering the
photoelectric properties drastically. This problem has been overcome somewhat by isolating the

detector surface from air by cementing a cover glass to the surface, applying a lacquer coating, or
enclosing the detector in a potting compound. Stability of the characteristics in cooled PbS cells is
still a problem. Cells which aee mounted in an evacuated dewarlhave a tendency to outgas the oxygen
•nId theref6re alter their charactcristics (since dark resista-Ce, D, wd utiter photoelectric proper-
ties depe'nd on the degree of oxygenation). This cannot be solved as easily as the room-temperature

stability problem, since potting compounds and lacquer coatiags also outgas and eventually cuitain-
inate the dewar vacuum. Since room-temperature PbS cells'are used primarily, this problem• may

be overlooked.

Since long-time-constant detectors are not adequate in systems where high information capac-
ities are required, such as rapid-scanning devices, Eastman Kodak and others have been concerned
with decreasing the time constant without degrading the detectivity.

The nonuniformity ol response across the sensitive surface is also a problem. To illustrate
this. typical sensitivity contours are displayed in Figure 5-15 (Reference 5-44). The numbers. ap-
pearing mn the ligure represent the relative response values for the areas enclosed by the contour
lines. These sensitivity contours were selected from NOLC reports and to the authors' Knowledge

closely represent the average chemically deposited and evaporated PbS cell.

On the othcr hiand, since these detectors are constructed by depositing sensitive films o:i non-

conductincg surfaces, it is apparent that many geometrical configurations are possible, and in fact
this i.-i the case. -Geometries such a-s linear arrays,. mosaics, spherica'l substrates, annular sensitive

sand many others are available from manufacturers today. In view of this, and the fact that
1tr• such as (oEP. ;. and resistance may ne tailor-made to fit the bystei (though at the ex-
pen!se o~f other parameters), one carn say that this detector is quite versatile.

CONFIDENTIAL 93



CONFIDENTIAL

insiittute oi Scienr.e and Technology T h e University of M ;ch i gan

4-j

.-.. - ..... ,

/3 / i0-SO 0
, 3 --

5-10 90 -9 70o1-20

- 20-30I- I/.

- - 0.., Cm t j-- --- 0.3 cm--

(a) (b)

FIGURE 5-15. SENSITIVITY CONTC 7S OF PbS CELLS. (a) Evaporated. (b) Chemically deposited.

A list of PbS-detector manufacturers is gi' "n below.

U. S. Manufacturers Foreign Manufacturers

1. Bulova Research and Development 1. Admiralty Research Laboratories
Laboratories, Inc. 2. British Thompson-Houston Company

2. C uti;, ,,
1

-lectronic Company 3. Electro A. G. Zurich

3. Eastman Kodak. Company .4. Societe Anonyme de Telecommunications

4. Electronics Corporation of America 5. Mullar, Electronics Products, Ltd.

5. General Electric Cunpailiy 6. Observatory of Paris
6.. Infrared I dustries, fix. 7. Services Electironics Research Establishment

7. Santa Barbara Research Center 8. Royal Radar Establishment

8. Mi,.ea-li.-- ... el.. Regulator Company

D.2 2. LEAD SELENIDE. Crystalline lead selenide has a shiny, gray appearance. It is found in

M nature in the form of small sinvcle crystals called clausthalite. its structure is that of rock salt with

a bindinw Oelip *d to heo, prtira !y vonic and partially covalpnt. Solid lead selenide nelts at 1005
0

C.

It hat a density of 8.1 g cc.
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5.2.2.1. Absoiptior, The room temperature absorption spectrum of lead selenide has been deter-

mined by Avry (Relerence 5-35) by measuring the reflection coefficiont nf single cry ta.i. Giimon

'nz , !-.cc 5-31) .r-d So.anlon and Lieberman (Reference 5-18) determined the absorption spectrum at

various temperatures using transmission measurements on single crystals. The results are presented

ii ,:gere F ig -~ ' Th.•sjE data indicate that theoabsorption edges for this material at riiont, dry-ice, and

liquld-nitrogen temoeeatures are locate~d at 5.6 6 IA, and 7.0 u, respectivelv.

in.

0 3-- 00: From Reflection•, Measurements (Avery)

•R • •i10-

Iz
31 3000K IFo

fr n Absorptionz1 • /I measurements

5.2.2.3. Resisance.v Thedar. rles istneo the detct ore ince ndterease asnthemcellatemperatur dte-

i1 2.2 From3.

creases: it is also dependent upor. the amount of oxygenatio the film receives during preparation.

Roon-n.temperature evannr.•r,•, ce1!z ;;'th &qua~e geometric configurations have dark re-sistances ofI

aro-unld I nocohoi. while the room-temperature chemically deposited detectors have resistances of

arou,•d 50 kohm. When the chemically deposited detectors are cooled, the resistance iancreases fromI

2. 43 6 10 12s

I
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Just as in the case of PbS, PhSe cells may be constructed in d wide rdnge of geometrical .onfigira-

tions to furnish a latitude in resistances for different applications. The resistance is also a function

of the le.ei of uackground illumination as in the case of PbS. On a kog-logplot (cell resistancc 6ersus

background flux .ensity) the ,esistance falls from 30 megohms at a backg-ound level of 10- 4 watt/cm2

tu 4 io •,i ~ce ol 10 i,,wgohis at a btckgruucid level of 10- watt!cm. The data are presented in

'- Fi,,re 5-17. The background flux reported includes only those quanta which produce charge carriers

via band-to-hand transitions.

8I

41

0- 40-3-2
BACKGROUND FLUX (watts/era2)

FIGURE 5-17. EFFECTOF BACKGROUND RADIATION ON PbSe-CELL F4SISTANCE

5.2.2.4. Noise. Evaporated room-temperature PbSe cells have a noitie, spectrum similar to that

shown; in Figure 5-18 (Reference 5-14); 1/f noise dominates at frequencies below 100 cps. in the fre-

< 0

Sl101I 101
1100 101 102 103 104 105

FREQUENCY (LPS)

FIGURE 5-18. NOISE-POWER SPECTRUM OF AN
EVAPORATED PhSe PHOTOCONDUCTOR
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qur.;icy ranoe of 100 cps to around 10 cps the limiting i-uise is caused by the random generation and

r. bi:atin •r, charee carriers indu'ced by the thermal agitation of lattice. At frequenpies above

0 cpa Jotlsojn noise dominates.

L. L•ci r eggioi Le U-H (gt-neration-recomnbination) noise the SiN ratio is independent of frequency,

ec tven though at the high-frequency end of the G-P reg-ion the absolute value of the no le and egnai.

voitages mav be decreasing. This is true because the noise and signal have simfiar fr'equency de-

,oendencies.

in the case of chemnically deposited cells the noise spe&rum is similar to thatl.n FirI'e 5-18; how-

ever. at the lower frequencies the decrease ii noise power is less rapid than 1/f.

As the cell tcmperature is decreased, the total noise power across the spectrum decreases, but

the limiting noise 'hechanisms in the different frequency regions remain the same. There might beIlihht chiaut; ui dhe frequency at which each becomes dominant.

Noise in PbSe detectors is also a function of the level of background illumination. The total noise

power at 90 cps was determined as a function of background illumination level (References 5-2 to 5-5).

This noise power was found to be constant tor background illumination levels up to 10-3 watt/cm ; and

for higher illumination levels th,. noise power increased slowly.

52.2.5. Immersion. Optical gain by immersing the detector ir a material with high index of re-

fraction has been obtained by SBRC (Santa Barbara Research Center). The material they use is

strontium titanate. The cell material is actually deposited upon the planar surface of the hemisphere1 (see Appendix 13.

1 5.2.2.6. Detectivity. As in the case of PbS, data presented in the NOLC reports have been used

I •,tdtibticaily in tnis stuay. Table 5-3 is a comprehensive chart which lists the reports from which theI data were taken. Also included in the table are the various pertinent parameters which describe a

!-1 de'ector. For example, the first line in the table tells something about the 16 SBRC detectors which

appeared in NOLC Report No. 398, December 1957. The average value oj 7, D*, NEP, cell noise volt-

age. d,--k resistance, and other parameters are listed alonm with fhi-ir standard deviation.

When considering the application of statistics to PbSe, one linds it necessary to treat the following

kinds of cells individually.

!I1 v;iporirttd Pbh- •iiquid-iobtroen-cooled) (3) Evaporatpd PhS. (unccled)

Sv.. ,' " d. :o,;it ,- P1--;t" iiiouid-rnitrot rl-cool0,d) 14) Chi.micallv d&posted PbhS (unco'icd)
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These cells atre trcatcd i:1 groups a-, d.srb _ ,,b because of the considerable difierence in peak

D* and spectra•"response characteristics among the different detector types. The average value Wt

Df*(;14 .i ..... lue Ut D.(VA. 0,. 1) tre presented in kigures 5-i9 to D-2;- Tihe tfleoret-

i-atL iirnu Ut o eteccnvitvy assuming the noise limitation is due to the random arrival of background
phctons) is aLibu inluded for comparison. These theoredcal curves were obtained by determinnn the

threshold wav'elength in each case and reading off the peak D* value from Figure 5-1. A spectral

Sesooe %jrnilqr in the mpnQre -- ... th. . --... .. ...... , 1-.... --- .-A * A- ,

AN termined theoretical pezik valui. The' resulting curve is acceptable for comparative purposes; how-

ever, it should be emphasi7ed t~hat the iheoretical peak value was determined originally by assuming

10101

Theoretical Limit Theoret'hal
S~T i~tft-

"I . - |_Maximum Value ~ -T4,I

9 "09 • -
W verae Va Vulu-e

~~~of 6 Cells

10

4 ~ ~ ~ ~ ~ 0 6 01 2

WAVELNtTu (;t } WAVELENGTH (o)
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12-
lL)10

-* rrenty !-• Theoretical Li.mt
t-rrep..tl

11 Production
l Vau 10

Theoretical Limit£7 1
-Maximum Value

Z 10 10 / of 13 Cells
i00Maximum Value Q

of 25 CellsE.

Average VluI & 1 09--of 25Cells

108 108"A verage. Vstlulý
t of i3 CellsI!

2 4 6 8 10 2 4 6 10
wAvE, NGTH. WAVELENGTH (ii)

FIGURE 5-21. ABSOLUTE SPECTRAL RESPONSE FIGURE 5-22. ABSOLUTE SPECTRAL RESPONSE
OF CHFMTICALLY DEPOSITED PbSc CELLS AT80° K OF EVAPORATED PbSe CELLS AT 300 0 K

a saw-tooth configuration of the response curve. The data used in this seetlnn are those reported by

NOLC after 1956.

Figure 5-19 presens the results from these calculations orn six cells of the evaporated PbSe
liquid- irtrogpn-cooled type along with the theoretical lin-it of detectivity. The results are quite inter-

estit,. The striking feature is the lack of long-wavelength response. The intrinsic band gap at 800 K

is at3kut 0.18 ev. which indicates a long-wavelength threshold of about 7 a. In Figure 5-19 the long-

wart-enth threshold -. 4 C. : A ....rebab- Z. ti z ciepecy is that these evaporated
.. ims: are preparrd extremely thin to provide a high signal-to-noise level, and, as a result, these thin
cells transmit the radiation beyond 4.6 .;. Experimental work at Eastman Kodad confirms this depend-

tv hy. itWA. I Ir. l;di;ci 10tions arc that the problem is much more complex (Relereiice 5-46).
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Figure 5-2. preset ts the resuits fromi 23 irells oi the lic-luid-nitrogen-cooit-i chenlic~ily deposited

type. V-'.ere, the departure of peak D* from the theoretical limit is larger than that: observed in the

prr--.-3 zfi', o~t !ib,, long-wavelength limit occurs at a wavelength of about 6 a, in coi.trast to the

limnit of 41; - hihir-d ~*'r~~ptac t~ia

The resuits for room -emper~ture chemically deposited and roamn-temperature evaporated Pb~eI cdetectors are presented in Figures 5-20 and 5-22. Here we see again a difference in the long-wave-

length 1 limit of response.

Tt is intereistiin to observe the progeess which was made over the years (since 1951) in the de-
veiapment of these detectors. A plot of all the data reported bly NOLC in that time interval is, pre-

senxled in Figure 5-23,. Each ipoint represents the peak D* value for one detcýtior and its vintage.

Althou-gh the data points are highly scattered, it seems apparent that liquiid- nitrogen -cooled, chem-

ically deposited cells have not shown much improvemc-nt in peak D* (however. Improvement has been

3 ~made ki the way of reduced aging effects, higher production yields, etc.). The 8ame comment might

rmad regarding"" room tcnipcrature evaorted cells. however, it shouk~ be pointed out that the

13 spec:tral re-sponse in the case of early, uncooled, evaporated cells was similar to that in Figure 5-24,

where the peak D* occurs somewhere in the spectral region below 1 JA, and so the peak D* valueI plotted for thiese early years must be used with care.
On the other hand, ancooiled chemically deposited cells and liquid-nitrogen -cooled evaporated

cells have been improved, as indicated in Figure 5-24.

Detectors with limited fields of view (employing cooled "hields) are available from Santa

W~rbAra Research Center. The effect of limiting the field of view Ws~o ,lncrease the D* value as
described in Chapters 3 and 4. 1 Tho amount of increase dependsI on both the amount of change In

field of view and on the percentage of the total detector noise which is caused by random fluctuationsI .~ ~ i photoo arrival. At high choppir~g frequencies.~r (about 1000 eps) and at iqd-itov temperatures.

the PhSe' detector it; limited mainly by genevE'tiocn-recombination noise, with the majority of this

U-P noise being caused by the b-ackgi-ound irradJiance. The relationship of D*(500ODK,-, 1) to tWe

detector field of view is presented in Figure 5-25.

PlcccntlV SB3RC has animtuiiced the development of a dry-ice-cooled Pbse celt which has a peak

detectivity comparable to the tiquid-nitrogen -cooled cell. The cutoff wavelength of thib detector is

s i-r!r thenl that cof th, l,ý_' i~o.iz's -1 dui to 6we ei oadetiniitg m 'ii Icnan gap wttfl increased

t.- nprJr Thy cryi'v it,, ct J1 cutý off at ýb~jut 5 ,, while th, liquid-nitrogen cell hias a diiteetivity

txenttnLn' !,o :. S,-t'ra! if th, si dl',-itLe-CLI'ed cllshý have ween measured at Syracuse University
5P47r n _ *Th '-ry. rýi )j: 'i prc , tdin~gr -21.
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.FIGURE 5-26. TWO SBRC PbSe DETECTORS AT
1900 K

5.2.3. LEAD TELLURIDE. Lead telluride is found in nature in the form of s8nail single crystals

Icaled altalte. These natural crystals have a white appearance, a cubic (sodium chloride) structure

(page 546 of Reference 5-33)', a density:of 8.16 g,/c, and a melting point of 9120 C.

5.2.3.1. Absorption. The infrared absorp.•oar spectruio of ledd Lelluride has been determined

by Gibson (Reference 5-48) and Scanlon and Lieberman (References 5-18, 5-49, and 5-50). The re-

suits of these measurements are presented in FiguP'e 5-28. These data indicate a long-wavelength

absorption edgp for room -te mpe rature, dry-ice, arp/a liquid-nitrbgen detectors of 4 ý, 4.6 p, and

5.4 1, rospectively.

lhe long-wavelength limit of photoconductivity in polycrystalline films and of photovoltaic re-
sponse in single crystal p-u: junctions (References 5-18, 5-49, and 5-5,,) (Figure 5-29) coincides well

,klh li•, positi.-n ,f the :byw•s,-rpcn) t-de nif.a-ure d in •ingic crystals. T1hia indicats that these njiech-

.::is:.s inlvoi;s _nuamn-haud transitions (i. e., elect,-ons with energy levels in the valence absorb the
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FIGURE 5-2J. PHOTOVOLTAIC SPEC--

TRUM FOR p-n JUNCTIONS IN PbTe
AT ROOM TEMPERATURE. 1/2

4.05i AE - 0.30 ev; 7" = 0.1 psec.

photon energy and conuequently make transitions directly to the coaduction band, leaving a hole in

the valence band and a Iree electron in the conduction band).

5.2.3.2. Refractive Index. The refractive index obtained for surfaces with different polish has

been reported by Avery (Reference 5-46). It was found #o vary from about 4.1 to 5.2 in the region of

1.0 fo 2.0 gi, and frorn 5.2 to 5,3 in the region of 2.0 to ". m. Avery also reported the real and

imaginary parts of the dielectric constant in the same article.

5.2.3.3. Resistance- Detectore made from this material have dark resistances which are much

higher than their PbS and PbSe counterparts. Liquid-nitrogen-cooled PbTe cells have resistances

of 50 to 100.megohms for square configurations. Room-temperature PbTe exhibits resistances of

around 0.1 to 10 mehohms; however, these detectors are seldom used due to the serious degradation

in P*. Various geometrical cunfigurations such as those describevd in 9-qtti- 5.2.1 arc pla-' Av

vwith Lids matvrial. In fact, to keep the cell resistance at a minimum, detectors are sometimes con-

structed in an annular shape with the electrodes located at th'e enter and outer regions of the annulus.

T'hi• cni.r.at-2 lhuadL to in k ratio that is smaller than the one in the square-area cells. and

"* [therelore a smaller resistance value results.
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Tile resistance is also a function cf the level of background irradiance, since R = F, lrvd and

Swheie a I ;herefore, 11 cc I/H Fig..re 5-30 presents the relation between these

parameters. The measurements 'were made by Molitor et al. (References 5-2 to 5-5) using 3 PbTe

,.,:'• l, ,, ,.,,:-:, ianuja'[r,.rt:J by Far-n. .;w','t El..ctrvr~ics Company ;i•: ITT"L~dbui atrica).

SW.2.3.4. Noise. The noise spectrum of PbTe has a 1,f component which dominates at frequencies

nup to. C x l0' cps, as indicated in Figure 5-31. Beyond this frequency, generation-recombination

noise is the dominant noise component out to the region where Johnson noise becomes significant.

Due to the short time constant in PbTe (compared to: PbS), the radiation may be chopped at ,a higher

frequency in order to reduce the noise and still operate in a region of maximum response. Chopping

frequencies uf 800-1000 cps are common. A decrease in noise voltage by a factor of 3 would result.

100- 1o1
Cýt"ii 2 1 Syracuse Report

163-6
.. August 1950

10
U 0- t0- 11"0-

BACKGROUND (effective tb th somf
F-IGUIRE,,5-30. RESISTANCE VS. BACKGROUND Z

II FOR PbTe DFTECTORS

I0 10I

FREQUENCY (cps)

i FIGURE 5-31, PbTe NOISE SPECTRUM

Sin an inerease of jetectivity by the same factor, since

N.EP

NP v Pin-

-• 06 CONFIDENTIAL



.CO NDE N- T 4 A L

•Intitote of Science and Technology The University of Michigan

"Thp refr,,
D= (A Yxli

SThe noise is also z function of the level of background radiation strilit-ig the detector surfaac•1 .

a ,,-jitor at al. hae measured the dependence of noise upon background radiation at a chopping fre-

_-ncy z:- cp3 i fur 3 iFarnsworrn cells. The result•, are presented in k-gulre 5-32.

These data indicate that the noise level is constant with background irradlance until about
23 2

2 x 10~ effective waittcm are received at th&etector from the background. The term effective

implies an irradiance determined by considering only those photons which are energetic enough to

cause electron transitions in the detector.

).2.3.5- Relativp Response. The relative response of lead telluride has the configuration shown

L-h Figure 5-33. The response can, however, deviate radically from that shown in the figure. ftr

example, if the sensitive films are very thin, the longer-wavelength photons will pass through the

film without being absorbeid and thereby cause the long-wavelength limit to occur at a wavelength

shorter than 5.5 p. If the films are overoxydized, one finds a characteristic peak in the responsivity
curve at about 1. 5 p.

- 410 100

91- 4 i-I_

II K 4 111 r,- -"I- _€I02O- 10- 1 2 3"4'0

Hb (effective watts/cma2) WAVELENGTH (ii.)

Iz
*FIG, URE 3-32..rNFLUIFNC'E OF BACKGROUND FIGURE~ 5133, RIELATIVE ItESPONSI- 1)1 I-b'l'R.A~iATIflN i-N DETEC'Fl)I NOISE IN PbTe AT 770K
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5.2.3.6. Detectivity. Development of the PbTe ceil was initia"ed by the Germans during the

Second World War. In this country. Syracuse University. among others, hpgqn -n'g on th!is mate-
I , i H•rr-;r,.! decttm pur-,-oses around the latter part o•f •-1•. This work c=ntinued "or aroud

lei; years, and, during tnat time interval, several hundred cells have been constructed, tested, and

reported by SyracuSe. In the last eight years, the cell test facility, NOLC, has reported the character-
:st;es 9_ PbTv detectors fr:)i %arious Lnti,-ulacturers. All of these latter ceils are presented,'in

Table 5-4. The manufacturer, repont reference, and all the pertinent parameters are included. As

indicated in the table, most of these data ard' quite old; consequently a statistical treatment of them

would have little significance.

A statistical study of the data reported by Syracuse University since 1955 has been made. The

study was carried out in a slighily ddiferent manner than in the cases of PbS and PbSe. Since

Syracuse reported their ;!ta at two chopping frequencies (90 cps and 800 cps), a study was made for

each frequency.

NEP ;A. 90 cps, 1f was plotted as a function of cell area (Figure 5-34). Each point represents a

detector.

0 10

000 .- -.16 ,

a 010

"" 8 -

6 -240 
0

244

24 6 8 2 4 6 8 4 6
10- 10- 102 l100

AREA (cm

F1it T-•-!. %I•' VS. AREA FOR PbTe, f C N IE CIS
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, -- "a:,:ed from this chart. They a:'e the area dependence uf

hr, NF'P. th+ iatitude in ceil arpa -the average value 1,f Dt. ,ud tht best cell Iepuoi-ted in that time

ntrall. The areadependence oi Lhe NEP ,A 90 cos. 11 was determined by,assuming tne expres-

pk'

Watrc K 1he a '.Me dependenc .oithf thE ",pk'ta . "

points, and A is the cell area. The calcu'ated value of n is 0.53 (Reference 5-51) for 30-cps chopping

frequency, which is in good agreemnent With the assumed square-root relationship. At the I -cm2

equal.-area line, the D* (Nnk' 90, 1) scale was drawn so that one can see the average value of D* by

noting the intersection of the best-fit line with this axis. The dashed lines in Figure 5-34 are located

one standard deviation from the best-fit line. The highest D* (X pk' 90, 1) value of the entire 83 cells

is 4 x 10cm' cps "watt t . p 1
The i EP's of most of the cells shown in Vlgir.A 5-34 were also determined for a 800-cps chop-

pigfrequency. These data av"! ::, iiZ r,,--i,-::. ,b ,• . '. . n -r c'•),.

800, 1), standard devi"ation, and best D* value are presented. Today.'s production. D* (A pk. 900, 1)

value is included along with the D* value of a selectýj cell (Reference 5-14) for comparison. The

theoretical limit is included to give some idea of the state of the art of PbTe. j
Manufacturers of PbTe detectors are listed below. I

U. S. Manufacturers Foreign Manufacturers

1. Electronics Corporation of America 1. Societe Anonyme de Telecommunica-

2. ITT Laboratories tions

3. Minneapolis-Honeywell Regulator 2. Mui'ard Electronics Products, Ltd.

Company

II
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-5.3.1. INTRODUCTION. Germanium is ar- eleimie!it ni r ~tup !Vý the per;iod.c table. It crystallizes

iii the diamond btr~icture, each atom having 4 nearest neighbors. Sic each atom has 4 valence elec-

trans, covalent bond. ae formied between each atom and its 4 nearest neighbors The elemn was

* first studied extensively during World Wai II, when a germanium rectifier with~ high-peakr inverse
j v&ýItagc Aas~ developed. Advances wiere made rapidly, since the element is not only chemically simple,

I but also, because it appeared to have considerabile practical value. Much of the early research was

J performed at Purdue University and at the Bell Telephone Laboratories.

The raw material is obtained from the flue dusts and slag of zinc and lead mining. It is firstIThe chloride is converted to pure GeO 2 by hydrolysis. GeO 2 is then reduced to Ge in a hydrogen fur-

j nace. Germanium so produced is fuz ther p"-- flied by zone refining, a technique whereby successive

5cct~ons ot a .4%ln~v. bar are heated aboive the eine-Fg point. .impurities which prefer to remnain

in tile melt are pushed to one ext-emity; of the bar, th-. section which solidifies last. By removing

this region and repeating the technique several times, impitraies which may be detected by electrical

measulienients can be reduced to fewer than 1 in 10) 1(. Germaniumn so purified is poly crystalline.

Single crystals mnay be obtained by the zone-leveling teeninique (Reference 5-52) or the Czochralskl

pulling technlique (Rieference 5-53).

The h n eiwi iirtchniique requires LhAt a single -crystal seed bt! placed next to the polycrystal-

lime bar. The regio)n nearest the seed is then melted. By muving thle source oi heat slowly away from

iliii' aevd, tie niul, n -niv solidiffies, while adjoining regions begin to melt. As each region solidifies

it iec'ioi-, part ,fIto dmif crvstal which hat; its origin at the seed. In thle pulling technique a single-
crystal, ýtd i-. nimi-o - ii iit, tile flioittei gi-i riiaiiuni very eluse t,, its, frvezinp- point. Upon slow with-
drawal of mue seed i'n-n time melt, vermanhinm adhering tn the seed forms a 'n~ige eytl

In1- -t i~laiiunm is intrinji.- i at ruum tenilimeertuc aini im~i .1 rit-s vi L;y of 47 ohm-cm

it 25"'. c lcctrons in Lime conductioni maund ano ie in time valencu band. These
A! piiu AIi' i -d-,rations tree, ali e-lectron fronm time Ge -0 U' ond. i. ocu~bhinid a positive

o it ii t*Ctntt!\(I, i! t- Aindt: di-I 0., 1, m .-- ~ incident1 -r t''imns ,I -!ý uimterat with ii,-i-rxstal. F uire, Ru-, ti rn- 5--5-i and 5-55)

I s~~it-:.-utsu' ~t -I.:-sr:- ;iid transition)

_ >0 NF IDENTIAL
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is on& in which energy and momentum are conserved between electron and absorbed ohoton: and irli-

rect ; n.iV2 rLcal) transit~on is defined as one in which an electron absorbs a photon and undergcIe a

chang- in i'ts .--. eci•r, nlunentum being conserved by the absorption or emission n&- a phonon by

I[[Ceraftv i la'ri, -. TI-T h1,iý -abstnrptiu, rt.gion to point A in Figure 5-36 is due to direct

transitions: the absorption region between points A and B is due to indirect transitions.

In addition to the fundamental absorption, photons may be absorbed in P-typ maltpria! by thc traz.-

SOitioS oz nohles between various bands composing the valence band (References 5-57 and 5-58). The

Loop of Ute vaience band consists of 2 bands, degener'atc at k = 0 (k = electron wavenumber vector),

with a third band split off by spin orbit coupling. Figure 5-37 (Reference 5-59 to 5-61) shows the ab-

sorptiorn spectra of a typical p-type Ge sample at several temperatures. The absorption bands in the

'4-i regions arise from transitions between bands 1 and 2 and the third band. The band starting at

10 ,; arises from transitions between the upper two bands.

-- A

10 3

W 0

10 ---- 770 K

-4•i..... 50KS~~~100 ."
z 1O004 .

1 10 .5US4 
Z 

(

in L3 "d I

l.0 1.5 M. 5 0 20 iu U 2
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D'atons may be absorbed not only by elec*rons and holes, but they nay a1so be absorbed by thv,

crystal lattice. This leads to the absorption spectrtim shown in Figure 5-31 (References 5-62 and

The addition, of impuratie- to Ge proauces a drastic change in electýical properties. The addition
i up .empuities (Sb, As, dt.) leads to n-type conductivity; the addition o! group III impurities

to p-tvoe conductivity. Whien a group V impurity Is added, an element witi' 5 valence electrons re-

places Ge at a regular lattice position. Four of the 5 electrons form cov.lent bonds with adjoining Ge

atoms. The fifth ýectroo moves in a Bohr-like tu bit, bound to the impurity element by the excess

charge of its nucleus. A group III impurity when substituted for t Ge atom is able to complete only

3 of the 4 covalent bonds demanded by the Ge lattice. The ifourth bond is completed by an electron

from a nearby Ge atom. This leaves a positive hole bound to the impurity, moving in a Bohr-like orbit

about the wipu: ty. The energy to free the hole from the group III Impurity or the electron from the

group V impurity is given bv an expression similar to that used in the calculation of the Ionization

potential ot the hydrogen atom:

2E t 2 m*e
4

E=h 2K2

where m* is the effective mass of electron or hole, e is the electronic charge, h is Planck's constant,

and K is the dielectric constant of Ge (16.1). E turns out to be about 0.01 cv, a value in good arce-

ment with experimental results (Reference 5-64). La vieyw,of this small activation energy, group III

and group V impjuritics are completely ionizeu at ruum temperature. Electrons and holes are bound

to their impurities only in the liquid -helium temperature region.

The use of Ge with impurities as an infrared detector was first suggested by Burstein (Re'2rerce

5-65), While the energy required to free holes and electrons from a covalent bond Is about 0.75 ev

and leads to a response to only 1. 8 A, the response obtained by freeing charge carriers from group Mll

or icroup V impurities would be expected to give a response to about 120 L. Because of the extremuly

low temperature required to prevent ionization of these imptirities by la-ttice vibrations, a search has

been conducted for impurities with greater activation energies. The effect of gold in Ge was reported

by Dunlap (References 5-66 to 5-68) az well as Morton, Hahn, and Schultz (Reference 5-69). Because
of the success achieved with gold-doped germanium, detectors have been constructed with many other

inipurities. Figure 5-39 shows a summary ot the energy levels of various impurities in germansim.

,11 i .-•-, . .o k-ti o ll 11opUrltlsa 111 Ge zt'e iteierence 5- 70.
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FiGL-RF 5- 38. LATTICE ABSORPTION IN Ge

j\ \ \Conduction lpand\ \ ~ Donor Acceptor
-P, As. Sb, Li 0.01 ..•AU 0.04

0.10 T Ag 0.10

,' ~ To 0.2 Cu 0 26 ._,Au 0.20 - Pt 0.20

" Te.- 0-- Aj; 0.25 .re. Fe 0.27
-,Co 0.3i

z --Fe 0.35
--0 d .06 .. Cu 0.30
SHg 0.33 ACo 0.25

0.01 ~ \ \ \ \ VlenceBaCd_0.2 ~

•au - • "•'• d-A2 -O .-14 .,.,.AuO.15 .. Mn 0.13

"- ":m0,09 Hg 0.086
ii<• :.-•0•3 ,..Cd o0D06 , Au 0.05_,. o4

}3 t Ya,••..jf %-"•-Cu 0.04Pt09

FIGURE 5-39. FNERGY LEVEI. DIAGRAM FOR IMPURITY ATOMS
IN Ge

Of pda'ticular interest are impurities with energy levels of about 0.1 ev or less: since detectors con-

ýtructed -roin these materials have a long wavelength response extending through the 9- to 
1 3

-t

atmospheric wincdo'.i, whure no intrinsic detector material is currently available. Detectors have no'.:

been constructed from Ge-Zn, Ge:Cu, Ge:Cd, and Ge;Hg, in addition to Ge:Au.

o.3.2. PHYSICAL PARAME TERS OF IMPURITY-ACTIVATED GERMANIUM DETECTORS. In its

ap~pl'itl:,n. a Ge-impý'rlt% d(te( ý.r *s placed in a circuit containing also a load resistance and a bias

Ji~t['r lWhenl photollo v with enta_,rg sul!icient to free ch.trge carriers (either electrons ,r holes) from
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the impurities are incijent upon the material, the resistance of the photoconductor decreases and the

voltage acruss the load resistor increases. After the radiation is rernnvPd. the resistarnce of the

ohoiocinductor begins to ncrvase again and reaches its original value when all the charge carriers

have been captured by recombination centers, the t--.xme oi similar impurities from which they were

originallv excited. The general phvslcal principals governing the behavior of Ge detectors with various

inmpuritie, alt -.irnillar. only specinlC details are different and de-pund upu, the type of impurittv used.

5.3.2.1. Spectral Response. The spectral response consists of two regions. The region of intrinsic

zebponse with a peak at 1. 5 A and a threshold at 1.84 is the same for all germanium detectors. The

long-wavelength response to 61 for the Ge:AuII detector, to 9 ,i for the Ge.AuI, to 14 A for the Ge:Hg

defector, to 15 L for Ge:Znl, to 22 A for Ge:Cd, to 
3 0 p for Ge:Cu, and 

4 0 W for Ge:ZnI is characteristic

of the type of impurity used and the particular energy level of the impurity from which charge carriers

are excited. The relative magnitudes of the PeAks of intrinsic and impurity respc ise depend on the

d-tcrtnr prcparatin an( cn~ti utiui. In certain applications, the intrinsic peak is suppressed; in

others, it is merely adjusted to the desired magnitude relative to the peak in the impurity response.

5.3.2.2. Time Constant. The time constant of the detectors in the impurity response region is

given bv

S= I/ND 1u

where ND represents the density of recombination centers, 11 their capiure cross section, and u the

thermal velocity of the charge carriers. Only N. may be varied during the manufacture of the detec-

tor. Z and its temperzture dependence are characteristic of the particular type of impurity used.

"rime constants less rhan I Asec are always obtained from Ge:Aul, Ge:Zn, and Ge:Cu detectors. Ge:

Aull (
6

-g) detectors havc•been constructed with time constants varying between 20 usec ar.d 2 msec.

In the intrinsic region, time constants depend on the length of time it takes for holes and electrons to

rprnmhinp, either directly or by way of recombination centers. Since much of the intrinsic radiation

is absorbed on the surface, the treatment of the surface plays an important rule. Values varying from

several jIsec to several hundred psec have been observed. Since the intrinsic response is generally

suppressed, no great emphasis need be placed on these time constants.

5.3.2.3. Signal. The voltage change. V. produced when the detector with resistance r is cnn-

net.ed in series with bias battery E and the load resistor rL and is exposed to radiation, is given by:

ErcrL AR ErcrL

CL C CL N lb-i). 2 R rL) 2 N
r C 

C NI 
c (rc r
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where Ar.. is the chinge in detector resistance, and AN the change in the number ot tree charge car-

riers produced by the action oX the radiation. A/> .Gr, where G is the rate at which charge- ._a.riers

"•-"c ' d, 1b, iiie rathation and 7 represents the time thev remain iree. N. thp number o! charge car-

.rrs where nti Dignal radiation is incident on the detector, is composed of two components: NTH,

Lh, cna.ie ,arriers which have been freed by vibratins uf the crystal lattice, and NB, those charge

"carriers freed by background radiation. Under ideal operating conditions, NTU, should be considerably

smaller thn, " W. Th.c is actusupiished oy cooling the detector. The coolant temperature should be

such that kT < < E., the impurity activation energy. In general. it has been found that . . aIrh4.•.h.,,6e

less than i/30 oi the activation energy (k ropresents the Boltzmann constant -- 1.38 x 10 " 3 jodiles/
0 K. NB' the number of charge carriers produced by background radiation, is determined by the

amount and temperature of the background. Ni8 may be most conveniently reduced by surrounding

the photoconductive element by a cooled radiation shield whose aperture is determined by the flr'l of

view required in the application of the detector, It must be noted, however, that a reduction In

fr. ycqui ru. iurither cuoling of the detector if the condition NTH << NB is to be satisfied.

Whia the radiation incident on the detector is modulated sinusoidally, the signal voltage varies as

1

For detectors with time constants of the order of 10-8 second, modulating frequencies to i me produce

.mo variation In signal. In general, the distributed capacitance of the detector and associated circuits

cannot be reduced below 20 gfd. Thus if full use is to be made of the short detector time constant.

load resistors below 1000 ohms must be used. As may be seen from Equation 5-i, such a tow value

requires that the bis supply voltage E must be made larger If the signal is not to be so small that it

is masked by the noise inherent In the succeeding amplifier. In general, the signal varies linearly

with applied bias voltage. The maximum value of E which may be applied across the detector depends

upon its construction mnd the typo and quality of contauts which are made to the sensitive element.

Maximum bias currents are specified for each detector. Values larger than 100 amp are found only

in the best detectors and are not cornm.on. Whcn the maximum specified current value is exceeded,
the detector noise increases superlinearly without, however, damaging the detector. A reduction in

bias current to its maximum permissible value restores the original characteristics of the detector.

t 5.3.2.4. Detector Noise. The noise spectrum of a typical detector is shown in Figure 5-40. It has

tw coimponents: l,'I noise Ind noise due to fluctuations in generation and recombination of charge

carriers (Reference 5-71). As the nawe implies, 1 f noise is a noise whose power varies irversely
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FIGURE 5-40. NOISE SPECTRIAT OF p-TYPE Au-DOPED Ge
AT 7701.

with frequency; it is predominant at low frequencics. It is not an inherent property of the ditector

material tut depends on the techniques which are used in the construction of the contacts and the sur-

face of the detector (Reference 5-72). In certain well-constructed detectors, the 1/f noise spectrum can

usually be made negligible abuve "30 cps. Noise due to fluctuations in charge-carrier generation and

to thc recombination rate is important from 100 cps to where Johnson noise becomes dominant.

5.3.2.5. Detectivity. Since both signal and noise have the same frequency dependen.e in the regioni

where 1,' f noise is negligible, D* is frequency in-.riant. Since, furthermore, the bias voltage enters
in the same manner in both equations, the detectivity is gene,'ally constant until the optimum bias

voltage has been exceeded. Above that point, the detectivity decreases rapidly with increasing bias

voltage, since signal Increases sublinearly anm, noise superlinearly. Under ideal conditions the detec-

tor is operated at a tempcrature where it is backgroufid-llmited. If it is assumed that one charge

carrier is liberated by each photon incident on the detector, both the detectivity when the detector is

exposed to blackbody radiation anm also the delectivity at -spectral peak mi.y be Lalculated. The de.rec-

tivity D* (T) for a blackbody at temperature T is found by substituting Equations 5-1 and 3-50 in the

r1pfinin. ennation for •)*

iS 129 1-2 -1D" ý_W)' A- "Hs

wheir c a i the bandwidth ,f the ampifýying system, A the detector'arpa, and H the incident power.
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One cai. then obtain

"B s s

;vhere Q reoresents the signal photon flux and QB the background photon flux. Since at a particular
wave le n:.•,

I H

where h is Plank's constant and c is the velocity of light,

O .A = Q B -1/ 2(2hc/ k) -

Figure 5-41 shows the variation of D* at spectral peak for photoconductive detectors as a function

of long-wavelength threshold of the detector, if a 300 K background at a 1800 angular field of view is

assumed.' The variation of detectivity with angular field of view is given in Pivre 5-42.

z .11 4: _S. 2-1

4• 102 - 7

2 l• 2

2-
0.0

IZ

2 4, 6 810 2 40 2 40 60 80 100 120 140 160 180
WAVELENGTH 00) 0 (degrees)

HfI([URE i-1I. PEAK I!* VS. LONG-WAVELENGTH CUT-
OFF IiOR BACKGROUND-LIMITED DETECTORS. Field of FIGURE 5-42. VAR-ATrYOF (- "VITH AUCEPT-

kivj. - 1800° background t'!,,"'r2.':rc - 30G0K. ANCE ANGLE

For a: d'tailed discu,,i-,n set- Rclterence 5- * 3.
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5.3.3. DE rECTOR CONS fHtUC'fl'N- All nrPsen•!y" .aai!alle impurity-activated detectors" require

cooling. The detector envelope is therefore designed to pprmit i sc cnf IL--d nit-gea or a mini-

cooler for detectors with a spcctraal r,pqnsý' £.xten''.- tc 9 , aLd i•iquiti lydrugen or nehum ior longer-

wavelength detectors. A single dewar construction is generally suificient for detectors cooled to

liquid-nitrogen temperature. The dewar Is constructed from either glass or metal. The type of win-

dow is determined by the spectral respunise of the sens1tive material. The window bq Pitf• r fused or

soldered to the cell envelope for bert results. The Ge sample is generally cut from a large single

crystal to which the desired impurity is added'during the crystal-growing process. In certain cases,

pure Ge is cut into sections ot the desired dimension and the impurity is then diffused into the Ge

section. Sections as large as 5 x 5 x 5 mi and as small as 0.2 x I x i mm have been used as sensitive

elements for" detectors. These sections are generally mounted in an integration chamber which s.-rves'

a duil purpose. It limits the amount of background radiation which the sensitive element "sees," and

it serves to reflect onto the sample radiation which has not been absorbed during the initial passage

Sthrough the sample. Thp integration chamber is attached directly to the chamber containing the coolant.

Thus the sensitive element and the integration cha ,e-• reach the temperature of the coolant.

Two leads are general ly provided. In the case of metal envelopee5 the envelope may replace one

of the leads. The detectors are evacuated to pressures of less than 10 6 mm of mercury and gettered

where necessary, Figures 5-43 and 5-44 show several Farticular types of detector construction.
Modifications in size and shape of the detector envelope are possible and depend upon the partlcuzr

application and the method for cooling. Dewar dimensions vary froa, 1 x 1/2 inch to 5 x 2 inches and

arger. rxble dewars~fs large as 5 x 20 inches have b~e, constructed. The area of the sensitive
D

elemrent is det:rfiineclby the size of the Ge sample and the size of the aperture in the radiation shield.
Areas as small a; 0.002 cm2 and as large as I cm hIve ben prepared. Extremes in detector areas,

either very large or very small, lead to detectors whose D* is generally not as high as medium values

of area (such as 0.04 cm )2

5.3.4. DETECTOR CHARACTERISTICS: Ge:Aui

5.3.4.1. General. Ge:Au detectors are available in two forms, depending on which energy level of

Au in Ge !s used. When Au is the only major impurity in Ge, holes which are bound to the Au atoms at

.3uffficioiwoe,,•,mlnperatures may be freed by incident photons with a resulting increase in conduc-

-1 ;tvit;. rhe' photon energy required i, 0.14 ev, resulting in a detector with a long wavelength threshold

For a detailed discussion of the effect of Au in Ge see Reference 5-55.
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i-'IGURE 5-43. Ge DETECTOR ASSLMBLY FIGURE 5-44. DOUBLE DEWAR FLASK

at 9, When an elcctron donor impurity such as Sb is added to the Ge. which already contains Au;

electrons from the 'onor atoms will neutralize the positive holes until, when Sb and Au concentrations

are equal, all holes are neutralized, and the photoconductivity to 9 ji disappears. Further addition of

Sb ,wrm ides an additional electron for each Au atom. The energy required to free this electron is 0.2

ev, leading to a detector with a long-wavelength threshold at 6 M.

5.3.4.2. The 6-g Ge:Au Detector 'n-tye Ge:Au). The spectral respohse of this detector is shown

in Figureb 5-45 and 5-46. It is composed of three regions: the response below 1.811 is the response of

pure Ge. the response beyond 2.511 is due to electron excitation from the 0.2-ev gold level; and the

-.sponse between I • 2.5 m is due to the excitation of holes and electrons from the various Au

energy levels. The total response cur've has a peak in the intrinsic region at 1.5 ji, and no pronounced

sec ,ndar: l)eatk. The speed of response depends on the wavelength of the incident radiation. From

2.5 , to the spectral cutoff, average detectors have time constants on the order of 50 Asec. However,

time constants as ",n,, .1 1 .•ccc h•,.'c lou-ý oU!erved in some detectors. These time constants are
en~perature-sensitl'e, decreasing as the temperature rises above "18 0K. Figure 5-47 shows the v.r-

TItl].n ,;f time constants with teriper-Iture for several detectors. Between 1.8 ,. and 2 .5 p, no definite

timii constant may be defined. In that region. 'arious- raesition:z ox charg, carriers between eaergiy

C
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FIGURF 5-47. TIME CONSTANT VS. TEMPERATURE

OF n-TYPE Ge

levels ant conduction and vance hn1 !d t-ý ,-.c: phenomena. The response time of the

detecior depends oil the intensity of the incident signal, and. under certain conditions, illumination

of the detector may lead to an increase instead of a decrease in resistance. If these effects arp ob-

jectionable In actual use. the detector should be provided with a filter which eliminates the spectral

region below 2.5 ii. It is because of these effects that these detectors are more suitable for qualita-

tive raihpr th:= qt antitatie work. Values of D* ( 500, 900, 1 cps) are in toe vicinity of 2 x 109

cni I:)s • watt, . A histogram of the D* values of a number of detectors is given in Figure 5-48.

The detector is characterized by extremely large signal and noise values at operating bias currents,

and is therefore useful in devices whose noise cannot be reduced sufficiently to allow use uf detectors

which hrave greater D* out lower sicnal and noise voltages. Signal and noise variations with tr~n,. .....

; ki detet tor are shomm in Figure 5-49. Beyond 500 cps both signal and noise have the same

IFd(iuency dependence. D* thus stavs constant with incr,-ina-o frejLuc:cy. 13eh,-,i about 500 cps, 1.

ifwisc bir(-(woes increasingly pronounced, whilh tho slawni ahanges on1y alightly. D* ihus dcil- reae,
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FIGURE 5-48. HISTOCRAM OF D* VALUES FOR n-TYPE G,:Au
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il -1 i,.-quelicieý. Ueteclwr resistAnces Vary between 1 arnd 40 megorim-s. depending on the dimen-

ýiua.s ýiid prep),Yýiuio Al tile abniple ýnd tLhe arnlunt Oi 0oackground radiation tne sens~tive element

.. pq-Pn:lr-tprý .-f fl' resistance, time coastant, etc .which have beeji, reported i!n thi 1ljLerature

are listed in Table 5-5. The detectors arc pro)ý'ided with a sapphire window., although !coated silicon,~ .... ~.X Tis X. .~io~ Q.eo~arud by) dddniv bnth Pold an-I anti mnnv din thr r
-jr kiowLli process. Crystals are thien cut into slices of the desired dimension and mounted in a dewar

en- elvi'e. ct. a-~ idclcl Uto bieampit! wire bjefore or after mounting. i-ne s-nSitive element3is frerl:nt!,-. ernLbedced in sulfur to improve its stability. The dewar is evacuated to a pressure lower

than 10 mm of Hg- A low prerzsure is desirable to prevent frosting of thL detector window and to

permit longer storage of the coolant. it is not essential for the actual operation of the detector ele-I ment, and no los6 in sernsitivity is experienced when the element is exposed to atmospci ~ic pressurt:

and then re-evacuated. The only supplier for this type of detector is the Philco, Corporation.

fl.3.4.3. The 9-ii Ge-Au Detector (p-type Ge:Au). In contrast to the 6 -1, Ge:Au detector, the 9-11

detector has well-behaved cha:'acteristics. The spectral response is shown in Figures 5-45 and

5-46. It consists of the intrinsic response extending to 1.8-g (chlaracteristic of pure germaniuoml

superimposed on the rcsponse due to excitation of huoleii from the gold centers. This response has a

peak in the vikinity of 5 p. Timne constants* in the spectral region btyonca 1.8 I. are less than 0.1 psec,

as my bescenfrom the exipressionI , .where n is the density of center-s which capture charge carriers, I;is the capture cross secton of

these centers, and u is the thermal velocity of the charge carriers.' u ;- 10 7cm/sec, :;, unusually

large in this case, is 10 -1 m 2-n is gpnerally larger than 10 13center~s, cx. Thib givcca a value ofII 13
-.ýr` 0.1 jusec. Since it is not practical to reduce n below 10 centers/ cc, no larger value Of T may be
corntemplated -r can, of course, be reduced by increasing the number of capturing centers, a matter

which can be accomplished during the cyrstal growth process b-, the addition, of Sb, whosew donor eler-

trons, When trapped by Au atoms, act to capture free holes. The Sb concentration, however, is Kein-

erally held conjwidorablv lower than that of Au ( i, 10 oriless).

liquid tiitr ciie. At that tmperature the averagedcetectiviy s3 x10 9cm -cps1/2 watt I . Detectors

wthe 9-ale eAot ragn detectrar en 1r9andv 6 te101 are7O1 comrcal avilable. A hitgr o h

witleh ianmhp Adt~u-ýt, ie nFgr -G.I h eetri cooled to60Kth

CION FIDEN T!iAL 125



CONFIDEN TIFA

Inflt fS'-tund Technology .e U iest f M ci

-~~ <. -1~ 0 0 1

3 0.

x - z

-r ci

zf'ý

126~. 0ONIDE 
TIA



CONFIDENTIAL

ansthiute at Science and le2,i-',lngy The Universily of Mic higan

Averagk. value 2.1 x 109
L3 Dcv jatlUJI 4.2 Y 10

a, 6-M1ode 0.9 xc 10,IRS=- • RPange 2.2 x

U

~ ii tn n r-",> p.1, ,l! 1,

S0 u .u 3.0 ý,1 I0.0 20.0

D* x 10 cm-cP. watt

FIGURE 5-50. HISTOGRAM OF D* VAT.UES FOR p-TYPE Ge:Au

temperature at which it becomes background-limited, D* may increase by as much as a factor of 4.

over the value at 78 K.. Since the shape of the spectral response is identical for all detectors of this

type, Uth ratio ot D* , the detectivfty at the 5-IL spectral ,peak, to D* (500 K), the blackbody detcc-

tivity, identical trnr all these detectors. It is approxinately 2.7. Large variations of D* with

0te.mperattrn in tie vicinity of its operating temperature (78 K) ( Figure 5 -51) require that special

caution be exercised in the construction of the detector ii order to reduce fluctuations in D* with

variations in coolant temperature. Thus unless the thermal capacity of the detector mounting is suffi-

cientlv large, fluctuations in coolant temperatures, such as are produced by the bubbling of liquid

nitrogen, will produce undesirable fluctuations in detector resistance and ]ead to noise.

100-

80" \

' '2 e:NCidENel. 80127

02

20 30 40 50 60 70 80
TEMOPERATURE: (OK)

FIGL14E5~-5. S "N RATIO VS. TEMPEI{ATURE FOR
GeCdtc, (k':Hg, AND) f',C,:Au D)ETCTORSI
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Bec2,-se of the shlrt time cnnstant. the detector signal is frc,•',ncv--nvariam to !t least 1 me.

N1_ ise has I ; and u-I noise components. Since for a wpll-constructed detector 1 'f noise is negligible

.b•vi .I> ., - in ,) ie, sertlaily frequency-invariant above 100 cps. Both signal and noise voltages

vary linearly with bias current until the designated maximum current is reached. For well-constructed

detectors, this value may be as high as 100 amp. Values of the resistance, depending on sensitive-

element, dimensions, coolant temperature, and single-crystal preparation vary from 0.1 io 5 megohms.

r'arameters ot DJ, resistance, time constant. etc.. which have beenrreported in the literature, are

listed in Table 5-6. Sensitive elements are mounted ti an integration chamber whose aperture deter-

mines the detector size In rontrast to background limited detectors. Ge:Au (p), when operated at

78oK, shows only small increase in D* as the angular field of view is narrowed.

Detectors mounted in various shapes and types of dewars are available fiom Philco, RCA.

Wetirnghoi;se. Raytheon, and SBRC.

%q.O. DFTFECTOR CHU C I'LERITICS. Ge:Zn (References 5-74 annI b-'Ib)

5.3.5.1. General. When zinc is added to Ge during crystal growth, holes may be excited from the

0.03-ev level to the valence band. This leads to a photoconductivc response with a lung-wavelength

threshold at 
4
0g. Cooling to at least 10uK is required to produce optimum detectivity. If during

crystal growth donor attms such as antiniony are added to the melt, electrons from these donor atoms

will neutralize all holes if the number of donor atoms is exactly equal to the number of zinc atoms in

the crystal. Holes may then be excited from a 0.09-ev level to the valence band. This detector has a

spectral response extending to about !5ji and may be operated at temperatures in the vicinity of 40
0
K.

WhilsŽ the 4C-j- dettcior (Ge:ZnI) has beenpproduced and Is at present inuse in several systems, the

15-,. Gc:ZnII detector is still in the ex.Okergvental stage.

5.3.5.2. Ge:ZnI (
4 0

-1,) Detector. Fivaro %-4R -hows the spectral rcsponsc of the G,•-.7.n (ZIP)

detector curre~ntly available. A histogram of the D* values of a number of detectors is given in

Figure 5-52. This particular detector has a 60° angular field of view- Peak response occurs at

3ltti. ThC structure in the spectral curve beyond i4 ,. is due to absorption o1 photons by the crystal
lattice. Measure mentt; a, whe uuut indcat vai s... .hn01juic IM h

sitenal sm frnn t.. cnr,,-nul ......... ...-. r.. • e•. athus iazir of the detector it precautions are- taken

to reduce c'rcuit time constants. Detector noise is predoiminantly of the I/f type up to 1000 cps.

Th. detector can therefore be operated to great advantage at chopping frequencies beyond 1000 cos.

The detector has nonlinear resistance characteristics when, a bias voltage is applied. An average
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FIGURE 5-52. HISTOGRAM OF D* VALUES FOR

THE Ge:ZnI DETECTOR

detector has a resistance o0 about 2 megohms when an electric field of about 20 v/cm is applied across

it. As tie iield is increased to 60 vcm, the resistance begins to decresigb rapidly with furtherIi-ruzu::;-" in applied bias potwntial. Thiii dl'a,tic leiLstance decrease is due to ininact ionizati. Both

N signal and noise increases linearly to the point where impact ionization takes place. W'hile the detee-

tor can actually be used at higher bias voltage, optimum detectivity is obtained when 60 v/ cm is ap-

plied across the sample. Parameters of D*, resistAnce, time constant, etc., which have been reported

in the literature, -re listed in Table 5-7. The photosensitive sample is mounted in a double dewar,

such az that shown i, FIgure 5-44. Dewars of this typa are available from Hoffman Laboratories, The

Linde Company. and The Vacuum Barrier Corporation. The imnei chamber holds I liter of liquid

helium. The outer chamber is cooled 1by liquid niLrugen. When so used, liqtiid helium may be main-

tamed in the dewar for about 24 hour. In contrast to Ge:Au, where only about 1015 gold atoms/ccI~ 16may be mncorpý,)rattd in the crystal, zinc may be added to concentrations of about 10 . This greater

density absorbs a higher fraction of the incident radiation, thus making the use of an integration cham-

ber less essential. The dewar is provided with a potassium bromide, window if the entire spectral

response is desired. Appropriately roatcd Ge windows may be used if the response in certain spectral

regions is io be enhanced or depressed. Detectors of this type have been manufactured by the Perkin-IElmer Corporation.

IN
DETECTOR CHARACTER.-".. u. Copper is most convenientlvyddedto Ge after

I!' . '-' F I. ' - i• a iIiI0 oy cutting the tie bingle crystal into elemients of the

dfs'rc-d platidicncn-, plati athiro (:•up(,ur film on the sides of the elements, and then diffusing, the

(',)ppvr into the Ge bv heat incat tenllperatur(s sli-ihtlv below the meltiimiotr of GCc f,, ,ov'prSil h,!-rc.

CtD •r l_ H1 h11;11 A, 1-121- 1., -1 •-C-3- , - . . - Tlius p-,,,s w .t t g a''ur than
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TAPLE 5-7. Zn-DOPED Ge

! C ll u.arK ni °_. Cs p ,g Ntnnber W.0.
, Curr- ,,t Pcs- starc NEP 1"2 - I Constant Frerql -t y SI Source

2' 2!^ _ '3x 10 4.9sifl D -i 400 3 i

":-2 7 1. 0 400 1 1

!. .. •.. 'P'"' ' :P•" z•pDe~clr.Hiepo %-,b-~ 5644. Thv Prrk..n-Elhner Corp.. Norwalk, Conn., April 1960 (UNCLASSIFIED).

0.04 cv W ll excit' , holes r -illt tile cop~per cente rs, producing photoconductivity which extends to 30,L.

Since the holes aro bound to Cu with an energy of only 0.04 ev, the detector elements must be cooled

such tei-speratures that lattice vibrations cannot free the charge carriers. Temperatures in the

icinty 15K are sufficient. Since the detector is stillin a stage of development, not much Infor-

mation is available about specific characteristics. A histogram of the D* values of a number of

dctecturs is given in Figure 5-53. Time constaiin are less than 1 ,sec, o•ss•bily considr•abl" less.D*t 235., tLi zpcctral peak, is approximately 3 x 10 cm • cps'/ 2 .watt- for a detector with

C0° angular field of view (Figure 5-46). 1/1 noise seems to be negligible above 500 cps, and from

that onint on to higher frequencies. D* is requ-cn)-yinvarsp-nt. As is the case in other impurity-

activated Ge detectors, the quality of the contact determines the maximum bii." current and therefore

cn 5-
4-'

3~ 

-i

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0

D- x 10 O cm cps, .wattI3 
FR;t-RE 5-:,3. IrISTOGRA.M OF I)* VAL"P'S FOR F11F Ge:C"' I)FTECrOl)
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th9 aylýwr'- rn,)Sf nn' thn -n.mu ina-per-watt incid-ent power. As in tlic case of ti~e Ge:Zn

dtetfctnr. timoact d*~~ainetes-minos the maximun Wias voltagc- whiiýii nay bcý applied. Since cooling

to1_3K i s required, a dul e -arsinuar ' tha usd o Ge:Znma in be-uzed for mounting the

detector. Detectors mounted in this or ýsirnilar dewars are available commercially from Texas Instru-

met icrpoatdth Sat Baba_ Res-ah Cetr andu RA Pai-aniuters of .D*, resistance,

A tirnieconstint, etc., which have been reported in the literature. are liSted in Tdble 5-8.

TABLE- 5-8. Cu-DOPED Ge

b- Drk ý1- ýd t r. ,e ekTan. Choo90,g N.,mbf

0 Ml Pr-'d~.,u- '11 -1 A I2 -I O. tgS.

TI 2 * S9 3 ~ 7 ~ hn. Is 5 -197x19go .

4 2 , !57 1 . 1'0 64 to' lo IS 45 2

2 Praar"- .mnctin t .0". l N'dr

aw atoms ia Ge by & photon energy greater than 0.01 ev. This leads to detectors with a long-wavelength

threshold at about 130Og. While several experim-antal dete.etors of this type have been prepared, no
commercial source presently exists.

15.3.8. DETECTOR CHARACTERISTICS: Ge:Cc0 (Reference 5-77). The -Ge:Cd detection was orig-
inlydeveloped to fill the need for an 8-14 p detector which could be opierated at liquid-hydrogen temn-

prtr.Cd 1s added during crysital growth by passing cadmium vapor over the molten Ge. The energy

reur. ofree charge carriers (holes) from the Cd atoms in the Ge lattice is 0.055 ev, giving a long-

waeeghcutoff of the spectral response at about 22 ji. Figure 5-54 shows the spectral response of

"a Ge:Cd detector,. The detection requires cooling to about 26 0 K. at 30 0 K the detectivity decreases by

"a factor 2 (Figure' 5-51). The time constant of this detector, as for niost of the other impurity-acti-

71 COMniuCtion with a liqui&-hydrogen-rooling syst~m are available from thp Raytheon Manufacturing,
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FIGURE 5-54. ABSOLUTE SPECTRAL RESPONSE OF

EXPERIMENTAL Ce,eCd AND Ge:Hg DETECTORS

5.3.90. DETECTOR CHARACTERISTICS: Ge:Hg (Reterence 5-78). The availability of liquid neon

and other cooling systeras which operate down to 35°K have led to the development of t~h, Go:llg detector

at Syvracusec University. Mercury is introduced int'O Ge during crystal growth by passing a strea-i. of

hydrogen over mercury at a temperature of about 3000C. The hydrogen stream carries the Hg vapor

over the r-nolten Ge - .ne. Preliminary measurements have• Lndicated mercury concentrations up to

II

5 x 10!14 atoms!/cc in ti~e grown Ge crystal. The energy reqjuired to free charge carriers from the

S~lo•ver ly!g ll'vel is 0.086 ev. A spectral response of Ge:Hg is shown fn Figure 5-54. Since only a few

Sis niore fully developed. The temperature required for cooling~is 350 K. At 400 K the detectivity has

decreased by a fact'or 2 (Figure 5-51). The detector is noi'. yet con,mercially av:ýilable.
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5.4. IMPURITY -ACTIVATED GERMANJIUM -SILICON ALLOYS, by Thom~ass Limperis

k.ryslal 01 germnanium -silicon alloys were firsi prepared around 1939 by Stohir and Klemm

7, who Sho, that Ge and Si fc'oned a continuouRs eries of solid solutions. They also

showpd that the lattice constant or this systfm, which has a diamond structure, varies linearly with

compositions between the values for pure Ge and pure Si. Later, L~evitas et al. (Reference 5-80) and

-Johlnson and Christian Reflerence 5-811 found that the Width of the forbidden band in this semiconductor

* is a !so dependent upon the percentage of Ril[icon in the alloy. This dependency is displayed in Figure

According to Herman (Reference 5-82), the lc-iee of the curve is probably due to the different ratesI of change in band gap in the r[111] direction and the [ 1001 direction with varying amounts of SiL in the

IGe latticc the numbers in orackets are MTiller indices, whi h represent a direction in. the crystal lat-
tice). As Si is added to Ge, the conduction bands !n the f1001 and 11111 directions move away from

-Ethe valence band. The [11] conduction band moves away at a iaster rate than tlie [ 1001 conduction
band. From 0 to 15 mol percent silicon, the band gap in the [ 111] direction is smaller than the bandIga.p in the [ 100] direction, and cons-equuntly tbe chanige in this band gap with thc; amount of added sili-

1 con will determine the variation of band gap for the system. In the range beyond 15 mol percent Si,
the bandi g.Lp in the [1111 direction is larger than in the [l100j directiolii, and consequently the rate atI which the trI.10] L'ur moves away from the valence band will deter mine the band gap of the system.

1.001

JJ

Q -1F-1C111FTHFRIERU1
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since tn,.s dependency exists, one wrold expect a corresponding change in the absorption spe-'trum

with varviri, amournts of .ilicon in the ahoy; and. in fact. this is the ca-.?. The absorption spectrum

'sP~~ ,ori-set._ n~ F'ggum, '-5f vtthe percentage of ssilicon as a parameter.

Ihe smallest energy gap ior tne Ge-Si system (itrom F'iguit! 5-55) is, ol course, the band gap of

pure gei manium (about 0.7 ev), which corresponds to a long-wavelength cutoff oj approximately 1.8 ju.

since the targets of interest emit radli, in in the longer-wavelengtA) atmospheric windows. However,

die, addition oi impurities into tie lattice of these alloys leads to some interesting results. For exam-

pie, the elements gold, coper, indium, zinc, and boron introduce allowed electron energy levels in the

forbidden band gap, which greatly affect the optical and electrical properties of the materials. These

impurity-induced energy levels change the ionization energy (energy required to transport a hole to

the valence band or eiectroti to'the conduction band). This is illustrated in Figure 5-57, where Ei is

thle ionization eneigy Asid E is the band gap. Ln this simpie picture, We impurity centero ire p-Lype

or electron acceptors. Thus, an electrorn transition to one o: these levels from the valence band re-

si-lts in a hole which is free to conduct in the valence band.

41 the Ge-Sl sIste-m., h•e impurity- Induced levels move away fromnthe valence band (E1 Increases).

with increasing silicon content. The resulting variation In ionization energy with varying amounts of

silicon in the system is shown in Figure 5-58.

-; 10 4--- -

( 01o Si 2.5% Si

"4 8% Si 8 5% Si 125% Si 36% 1

z

102ý

U 1

.7 8 0.9 L05 1.15 1.25 1.35 1.45

PHOTON ENERGY (ev)

FIGU-RE 5-56. r\TRTNS••. ABSORPTION SPECTRA IN' A SERMES OF" Ge-RICH Ge-Si
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FIGURE 5-58. IMPURITY IONIZATION
ENERGIES AS FUNCTIONS OF ALLOY

COMPOSTION

The iontaatton energy necessary to pieovxc•. e a long-wavelength response of 14 A (the long.-,wave-

length edge of the far-infrared window) is about 0.09 ev. We can see from Figure 5-58 that energy

levels introduced by boron lie closer to tCie valence band than 0,09 ev for all values ol silicon concen-

tration (Reference 5-84). Consequently, Ge-Si detectors using this impurity would have a photocon-

ductive long-wavelength cutoif beyond 14 1. The indium impurity leads to ionization energies of 0.09

ev at silicon concentrations between 70% and 80%. Single crystals containing this silicon concentration

ania ihe indium activator have been grown and the characteristics measured; however, these crystals

are e;,tremely difficult to prepare and therefore further efforts in this area have been abandoned. De-

tectors have been constructed of .Ge-Si doped with: zinc (employIng thc second zinc level), gold (using-

the first level), gold (using the second level);, and zinc plus gold (using the second level of zin, and

the first level of gold). Detectors of this type were developed primarily to provide long.-wavelength

photodetection at operating temperatures of approximately 50 K or pumped-over-liquid-nitrogen

temperatures. The characteristics of these detector types represented by the bymbols Ge-Si:Znll,

Ge-Si:Aul,_Ge-Si:Aul. and e•-Si-ZnAuL_ resp-ctively, arel dcl-cri below in. "detai,.

S5.4.1. (Ge- Si):AuI. The gold intpurRy introduces several levels in the forbidden gap. The posi-

tion of these levels is greatly influenced by the percentage of silicon in the alloy as described above.

F ,,-, . -.. .P...:.c 5 Q7 c .;-.,c.- tihc ;vriitiýon of iuiijzaiuui energy in the first and second levels
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"0.1 1II 0 5 !0 15

ATOM PERCENT SILICON

i FixGUR 5-59. IONIZATION ENERGY OF Au
IN Ge-Si ALLOYS. (a) First level. (b) Sec-

cond level.

From this figure it may be seen that by choosing the first gold level and sellictlng the proper

amount of silicon )ne can obtain an ionization energy sufficiently small (0.09 ev) to allow carrier

generation by photons with wavelengths in the 8- to 13-;A region (the tar-infrared window). The util-

ity in being able to change the band gap by simply varying the percentage of silicon to obvious. The

concentration of St may be chosen so that the energy gap is sufficiently small for detection in the far-

infrared windo, . but not so small that the long-wavelength lim-it of photoconductivity lies beyond 13 M,

where cell temperatures below 30°K are needed to reduce the number of thermally generated carriers.

Detectorg emiploymg this material are commercially available today from the Electron Tube Division

of RCA.

5.4.1.1. Absorption. The absorption coefficient for this detector type is quite small (about 1 cm

(Reference 5-84) in the region of 8-13 ti. Since the detectivity is directly p. 3porttonal to the percent-

age of absorbed quanta, it behooves the detector desigr.er to somehow increase the ahswt•in. F6r

impurity-activated Ge-Si cells this is done in one of two ways. First. for ccm'l -rea".cli s .'saiirv

than u.5) x 0.5 cm) an integrating chamber with highly reflecting xwalls is used, as shown in Figure

5-60. This configuration insures m'Jltiple traversals of the incident photons through the sensitive ele-

inent, thereby effectively increasing photon absorption. For detector areas s-..ound 0.5 x 0.5 c1i2

te bottom of the ;Pn-itv.e ee.m-.-_ is sajiked fFiaure :-61 to provide multiple internal reflections.
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5.4.A.2. Resistant e. The dark resisance of these cells is extremely high at liquid-hydrogen

tenmperatures. Values of resistance around 170 megohms have been measured. however, it is believed6

that this is the rcsistzace of thp iPakage path and that the actual cell resistance is muci' higher. IF.r

cell tEmperaL.res around 60 0 K or pumped over liquid nitrogen, the reaistance is around 500 kohm.

The resistance is exponentiaj.y dependent upon the reciprocal of the temperature, or Rae e , wherot

R is the rtL-istance and T is the cll teriperature.

5.4.1.3. Time Constant. The time constant of this detector is less than 1 jisec.

5.4.i.4. Noise. The noise power spectrum has a i/i compon.-rt at chopping frequencies bclow

300 cps. and beyond that point the noise is white, in the white region, the noise is predominantly due

to flucluations in the generation and recombination of the charge carriers caused by either the back-

ground radiation or by lattice vibrations, depending upon the cell temperature. For cell temperatures

of approximately 20°K and below, and background temperatures of around 300°K, the noise is pkedout-

inantly background noise (atcise caused by the random arrival of photons from the background). As the

cell's operating temperature" is increased, the random generation and recombination of carriers

brought about by the theru',l agitation of the lattice begins to predominate.

Since the time constant Iis very short, the radiation incident on the detector may be chopped at

frequencies up to 105 cps. At' freauencies alihoyA v pS, thp ni-o ie Isout (f the 1 /f reionanda thi

re pUn-ivi,_tv is at a maximum, which leads to a maximum signal-to-noise ratio.

13Private comuinication with Dr G. AO MoNrtLn and Dr M. Schultz.
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5.4.1.5. Detectivity. A typical spectral response for Ge-Si;Aul cells, which are avaiiaic - r-f,

-xCA. ;s presei-ted b AL-•v. As mentioned earlier, the long-wavelength cutnff ic dpendnt upa, -.

:m0nti ot esilcon which is added to the lattice. For the sp-Peri respnnsc preseotod ini F-iure 5-62,

the oercpntngo ,f silicon Is abouL i 7',_fn c pr-ov, a 'ong-waviengph cutoff of about 12a. The deter-

Mtr described in riire o-. 2 has z, u:.Aed Ge window. Th• peak value of D* is dependent upon several

parameters. inrludin- thr op1l temperamwre and the cell field of view. If the noise is pr~dnmin•.n+ty

g.a ..... .wibe, then placing cooled shielld adjacent tc the detector tu restrict its field of view will

decrease the background noise and consequently increase D*. For the detector to be background-

noisc limited, the operating temperature must be 50°K or less for backgrounds of about 300°K.

Unfortunately, no measurements on this type of cell have been published by the two cell test

facilities, NOLC and Syracuse. RCA reports7 that for a 230-volt bias, a 1200 field of view, a 21°0

4-
0

4-8

2 -
1 4 3 12 16

WAVELENGTH (g)

FIC;(F1E 5-62. SPECTRAL-RESPONSE CURVE_ FnP.

Ge-Si:AuI

7
P-'vate c,.mrunications with Dr. G. A. Morton-
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o0Pr:'tin t•npcratuire, aiida 2.5-megoh"n load, D* i 50 0 
K, 900, 1) is 6 to 10 x 10 cm 1CP watt',

t., a P-ak• .'2, oif L2 to 2 x - err. -cps -•watt . The 2•':;K temperature is ob-

tained! wilt liquid hydrogen _n the cryostat. Dewar-cooler assernblieý employing this coolant ai-e

available from RCA. When operating at pmled-over-liquid-nitrogen t pe.._.raturcn ,tbt5 0 °K), the

.. - .O .. K , O.l i !I9 - •1' watt , and, at cell temperatures ot 77K, te D* (500°K,
IGG1}iSaDrolmhay vln,.• ,.1/2 8

100. 1 is a. rox..atpl n ... .n ./. Cps T;,Tm vajues 01 V) may be converted to peak

D, by t-e following expression

D* peak =2 D (500
0
K,--, 1)

Photosaturation studies of this detector have not been reported up to the time of this report.. Of

course, when the cell is background-noise limited, one should expect the NEP to degrade with increas-

ing background temperature beeause of the dependence of noise upon the level of background irradiance.

When the cell is not backgron,,d-no- i'iL...ted, the NEP will be cownsint lor increasing bQckgrcund

!-ra-rc until a L icl iý reached whe.'c background noise is predominant.

5.4-2- Ge-.Si:ZnIl- Infrared detectors using the second level of Zn in the Ge-Si lattice are also

avaniable from RCA. As in the ca.se of Ge-Si:AuI, the amount of Si added to the Ge lattice Is chosen

to obtain a long-wavelength cutoff which lies at about 13 L, which is the long-wavelength edge of the

8- to 
1 3

-1 window. The variation Af ionization energy (or band gap) with percentage of Si is presented

in Figure 5-63, Generally speaking, around 4% of Si is used to provide the long-wavelength response

described above.

When preparing these cells, a comiensatinp n-tvna ' t ... .1 -

the acceptnr levels which lie closer tv the valence band than the second Zn level. The result is that

Ilectron tra3st-:tI:n which do jceui 4•e i.ie.ween the valence band and the second zinc level. The hole

which remains in the valence band is then free to produce a photocurrent.

5.4.2.1. Absorpuon. iransmlssion measurements (Reference 5-85) have been made on a zinc-

activated Ge-Si lattice containing 7.5% silicon. From these measurements, the absorption spectrum

"'V' 1 amiied ( Figure 5-be). The ligure indicates that the absorption coefficient is only around•!1 cm- I i the range of 2 to 10.5;1. Such transparency in the region of interest is undesirable since

Thve values were ,htained from ol orn cll reported by RCA i ,,frerence 5-b.

I
in
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FIOURF~ 5-63. IMPURTTY IONIZATION LEVEL EFFICIENT OF A Zn-ACTI. ED ALLOY.

-VS. PERCENT S' F,-- Z%~rl Ge-St.ZnfI; 7.5%, St.

the signal vnlta~e 46 directly proportional to the percentage 01 quanta absorbed. Methods have been-

devis'-d !o solve this problem in these detectors. They _- ~i- eijiribed in the section on Ge-SiAu II~ (Section 5.4.1).

5.4.22 *-Icit~ance. The dark: resistance of detectors eon-sitruted from this material is x 4portecl

to be abo.ut '70 megohms for cell temperatures around 21 0 .However. indications$ are that this is the

resistance of the leakage path and that the cell impedance is much higher. When temperatures of

about 60u are used, the resistance is around 30 megohms.

5 .4.2.3. Ti ne Constant. The time constant is less than I /isec.

5.4-2-4. Noise. The noise iS the same as that reported for Ge-Si:ALu.

).4.2.5. Detectivity. A typical spectral response curve for Ge-Si:Zn is shown in Fizure 5-65. As

mentioned above, the long-wavelength cutoff is dependent upon the amount of silicon which, is added to

I ~the' lattice. For the spectral rpsponse shown in Figure 5-65, the percentage of silicon is around 4.

Thf, peaik D* value is dependent upon several param%ýters -Including the cell's temperature and its field

Pi i.,utL c:,nunwaiaation with D~r. G. A. Morton ;md Dr- M. L. Schultz.
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lGUHIE 5-65. SPECTRAL-RESPONSE CURVE FOR

For (ell temperatures of around 50c_.... .... . n , ,VJ , UIV' C•t-: (IS

Sbackfrouund-noise limited. Thereforeý,yplacing cool shields adjacent to the sensitive element to restrict

its field of view wil! effectively ciecrra5e the background noise and consequently increase the detectivitv

i tii relatuin:.hip between these variaL'.- is shown in Figure 5-42).

C",e Ge-Si:Zn U detector with a coated -Ge window was sent to NOLC for testing. The results were

reported in a recent NOLC report (Reference 5-87). The measirements were made at a cel tempera-
I ture ,cd 5U K. A summary ,'f the results is aiven below.
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r a 23 x 106

Cell t(.irrr-nt 38 ,;a

Cell Noise 0.96 Svolts

Load Resistance 2.5 x 10 ohms

Cell Area -2.25 c

D* ( 500°K, 90, 1) 7.1 r In 9 1/2 -,,, -1

DO÷ (Apk, ,U, i) 1.5 x 10 cm-cps 2wattTI

Ilih dLtecor rlempnt consisted of nine 0.5 x 0.5-cnii tcubtub airanged ini a square mosaic. A metal

cone mounted outside the window limited the field of view to about 700.

For cell temperatures of 210K,10 a load of 2.5 megohms, a bias of 250 volts, and a 120u field of

viwD( 0 .90,1 S.8x010 1/2 -1I10cm. cps .watt , which corresponds to a D'* peak of D* (X, 900,

-j 1) equal to 3.6 x 10 cm -cpsu/2. watt 1 . As in the case of Ge-Si:AuI, the 21°K temperature is obtained

h-; using lijuLd hydh-ugen. A cryostat-aewar package employing this coolant is available from RCA

i with the cryostat furnished by Air Products Corporation, Allentown, Pennsylvania). At pumped-over-

liquid-nitrogen temperature (about 50 K), the D* ,00OK, -- , 1) value decreases to about 10 cm. cps
-1 o 11 .1/2 -1 o0

watt . D*(500 K,-, 1) hecomes about 1.5 x 10 cm cpsI. watt at 60 --. Dt.(500'K,-, 1) may

- be converted to twak D* by the expression.

I D*(Apk, , 1) = 2D*(500'K,--, 1)

These values of D* ( 500K,---, 1) were obtained from 7 cells reported by RCA in their quarterly

Iprgre~s reporis &iring 1955 and 1960. The data are shown in Table 5-9.

Phrinaturatlnn .ntdi-& hive not been reported up to the time oi this report. Of course, when the
-- celi ;s background-noise limited, one should expect a degradation in NEP with hLireas'ng background

temperature because of the dependence of noise upon the level of background irradiance. When the cell

is not background-noise limited, the NEP will be constant for increasing background irradiance until a

level is reached where background noise predominates. At this level the NEP will behave as dpser!hed
above.

heore.sT • ,-•..e and-responsivity are also functions of background irradOi .crp- h,•,,,e ,,,a,," data arc
n,)t vet avahibale.

Io
Private communications with Dr. Morton of RCA.
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TABLE ,. A.00°K,-, i) FOR SEVERAL (je-Si:Znll'CELLS

Cell Numbe; 50WK 60° K 78°K Ref.

AW283-5.2 Si 1 4 x 10 ( x 10 10 110 9 1 8
"AW284-4.3* S! 10 (f = 1500 cps) 2 x 109 (1 - 1500 cps) 5 x 10 (f = 1500 cps) 2
AW285-3.5% Si 1010 (f= 1500 cp0) c-W )L 5 x i0- (i = 1500 cp15 2

AW286-5.1% Si 8x 10 9(f = 1500 cps) 1.5 x i09 (i 1500 cps)f 5x107 (f = 1500 cps) 2

AW28¢-4.9%', Si f o, I(f= 1500 cps) 1.5 x 10 (f 1500 cps) 1
AW300-5.7%Sii.5 x i 0N = 100 cps) 1.S xl0(f- 100 cps) 5 x 10' (f 100 cps) 3
AW302-4.7% Si' 7 x 10 (1 = 10O cps) . 10 (f1 too cps) 5 x 10' (f 100 cps) 3

1. K. S. In';,g, Impurity Activated Alloy Infrared Detectors, Third Quarterly RCA Progrebb Report,

Electron Tube Division, Radio Corporation of Arierica, Harrison, N. J., January 1960
(UNCLASSIFIED).

2. G. A. Morton, infrared Phot iconductors. Eighth iae-im RCA Report, David Sarnoff Research
Center, Radio Cotrporation of America, Princeton, N. J.

3. K. S. Ling, Impurity Activated Alloy Infrared Detectors, Fourth Quarterly RCA Progress Report,
Elctrno_ Tu•.• Division, Radio Corporation of America, Harrison, N. J., January 1960
(UNCLASSIFIED).

5.4.3. Ge-Si:Au II. The variation of ionization energy of the second level of gold in the Ge-Si sys-

tem is shown in Figure 5-kg. Several detectorb have been constructed from this materUal with peak

detectivities around 4.5 pt and long-wavelength photoconduction thresholds of about 6 IL. The meagure-

ments on these cells are presented in Table 5-10. A typical relative response curve for this material

(about 10% SOl is shown in Figure 5-66.

5.4.4. Ge-Si:Zn:AuII. Adding two activating materials to the Ge-Si system leads to some inter-

esting results (Reference 5-t86). First, the spectral response configuration differs considerably from

that of the detectors described above. The resulting curve appears to be roughly the sum of the indi-

vidual response curves iur the two activating materiais. The result, shown in Figure 5-67, is a

response with two ueakp. One hiee, at 4 0,,- nd thp tither" -- d,,t I I ;i............ Be-re .h 4- ats
1.8,A and around 11.5 ji, the net response is constant within a factor of 2. The D* ( 500°K, i00, 1) for

8 1/2 1l0 1/9
ticelis about 1, ) x 0c~p12watt- 60'Kia.this~~~~~ celi•bu . 1 m-cs--wt at 60-K and about 8 x 10• cm • cps!" -. watt- at 50 K.

improvwment in D= bY a L..Lhur of 2 may be achieved by chopping at higher frequencies (around 1500

C DA).
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5.5. TELLURIUM, by T-honab Limrnpris and Gwynui H. fuits

5.5.1. INTiRODUCTION. The element tellurium was discovered by Muller von Richenstoi' in

"1782 and 1ater named by Kalapro4 b in 1798. It waR fnund priniariy L" thzt f l•W *'rUt .. , ,"

and other metals,. i powoer form it has a grayish-white, metallic appearance.

5.5.2. PHYSICAL PROPERTIES. Tellurium has a welting temperature of 449.5 * 0.3°C (Refer-

ence 5-88) and a specific gravity of 6.24 at 20 0 C (References 5-33, 5-89, and 5-90). Single crystals
i4 6

of this material have a rhomboheldral structure with a Di or D;) space group as expressed in the

Schoenflies notation. A schematic representation of the structure is shown in Figure 5-18. Theatome

are bonded in such a way as to fnrm helical stuct'2res. These helices, when placed adjacent to each

other, make up the crystal. The strength of the bond between atums in the helix is much stronger than

the bonding between adjacent helices. Consequently, the physical, electrical, and optical properties

display P strong anisotropy. Table 5-11 lists two physical properties for two orientations of the cry-

stal- along the c-axis (in the direction o1 the heliceR), and •rependicuiar to the c-axis to show the

degree of anisotropy.

4A
(a)

-Axi
( (b) Side V._

NIFDGUNE 5I68. SLEMATIC REP4E-
I•_! (a) Top View,. (hi) Side View.
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TABLE 5-il. PHYSTCA.'L' PROPERTIES

Crystal Linear Exp•nsion Compr'saibility
Orientation Coefficient (deg-

1
) (cm2/yne)

-6 -13
c-axis -1.6 x 10 -4.1 x 10

c-axis 2.72 x 10-5 2.8 x 10"12

Thei-e are a number o•f ways of preparing tellurium single crystals, but the two most common

techniques are those, of Czochralski (Reference 5-91) and Bridgman (Reference 5-92). In the

Czochralski method, a small, single crystal of tellurium is lowered into a crucible filled with the

molten element. Thbt temperatures are controlled very carefully so that the molten material begins

t,, solidify slowly at the interface between the seed and the melt. The seed, while rotating slowly, i,

gradually raised until a large single crystalline boule develops. This technique has been used by

Weidel (Referenep 5-9q), Keezer 'Reference 5-94), and Davis (i~eference 5-95). Boules 2 cm in

diýmeter and 7 cm long , Figure 5-69) have been pulled, and a high degree of crystal perfection has

been obtained. The difficulties encountered in this technique seem to be in properly controlling the

temperatures and obtaining good seed material. In the Bridgman method, chunks of bulk tellurium

arc placed in a long, thin, horizontal, crucible boat. '"At one end of the boat a single crystal seed is

inserted. Heat is applied at the seed-bulk interface until the material melts. 1he boat is then moved

gradually so that the molten region travels from the seed-bulk interface to the opposite end. .7he

degree of perfection of single crystals prepared Ir. this mannpr has been relatively low. A t•hird

method used at WRL (The University of Michigan's Willow Run Laboratorie_% now the Institute ofIScience and Technology) is the vapor-deposition technique. Here the bulk tellurium ls eated at one

enc of a long tube, containing low pressure H 2 ; it is condensed in some region fartni !r along on the

watui oi ute tuoe. tnis method requires good control of the temperature gradient 'along the tube.

The crystals produced range from 1 mm x 5 mm to 2 mm x R mm and can be useddircctly as photo-

detector elements o" as seed material for the two methods dsci iued above.

The best crystals grown by the Czochralski method have as good detector properties as the cry-

stals grwxn from the vapor phase. However, the .growth of good crystals by the vapor-deposition

technique is more easily accomplished and requires very little capital equipment in comparison to the

,Lo.li, Albk methoa. rPor the person who wishes to make a few of his own tellurium photodetectors

without entering into large-•scale production, the vapor -deposition method would be the quickest and

Swould require the least comnnitment of time and money. On the other hand, controlled dopini and

:arge-scale pr.paration of good tellurium crystals are probably best done by the Czochralski method
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Single-crystal tel1'rium is very soft. It is easily scratched and bent. It cleaves parallel to the

c-axis, but it is difficult to cut or cleave perpendicu!ar to the c-axis without inducing local fractures.

-hi•uie crysiai grn .from v'apor or the melt have a eitalli& lu.Lre and a strong tendency to exhibit

natural crystal face.ý.

Soldering to tellurium can be done by using an acid flux and bismuth mctql followed by any good

iead-tin solder. Welding wire leads is easily done b.y pressing hot wires against the tellurium crystal.

Ev-r.-a-te-dc, '-on tacts ,run be ,'nue to hold quite well by standard methods. Vacuum evaporation of

tellurium is easily accomplished by standard r-ans.

Because of the anisotropy ol thermal expansion of tellurium, large sections (about 25 mm ) of

tellurium cann.At be mounted rigioly ,Against a thermal sink, but must be mounted by fixing only an

edge or corner of the crystal to the theýrmal sink to avoid fracture of the crystal. Nonrigid mo.mtinq

using silastic can be used for large area crystals.

5.5.3. ABSORPTION. Loferski (Reference 5-96) and Nomura and Blakemore (Referenc-" 5-97)

have measured the infrared absorption of single crystals with two orientations of the electric vector

of the incident light. Electric fields perpendicular and par'tllel to the c-axis were used. The results

are given in Figure 5-70. The variation in percentage of trawjsixiiiun of 5-g radiation with the angle

between the electric vector and the c-axis is given in Figure 5-71. The absorption coefficient for

unpolarized incident light should l1e somewhere between the -wo extreme values obtained with the

1000- 
E i c

10Ec 0.101/
1°0°1 100o

. O4 . ANGLE BETWEEN 0.E

00

-~ SAPLF 3 04FIGURE 5-71. TRANSMISSION OF A TYPI'CAL Te

: ~CRYSTAL VS. ANGLE BETWEE.N THE c-AXIS ANDSFW.PYRE 3-7(l. ,OPTIC~AL TItANSMISSION OF A Te THE E VECTOR OF THE 1NCIDENT POLARIZED
• -S MP E A FUN•CTION OF PHOTON ENERGY Ra.DLa-TION. -X 3 5 l.
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4 5 -1
perpendicular and parallel polarized iight. Values ni absorption constant between l0" and 10 cm

in !ti 1- io 3-!L spectral region have been obtained by Moss ýRelerence 5-98, by ireasuring th9.

tra:•-miasioa through thin film.

The position oi the absorption edge is a function of both the temperature and pressure. Loferskt

lotirnd a temperatur e dependence of -7 x 10 ev/ C. The negative sign implies that the edge moves Lo-

wards longer wavelengthhs with inrý,_-ing tiq-tr•inger• (•f• €.ei 5-•) has iouna a pres-

sure dependence of the absorption edge (EI1C) of -1-9 x ev/atom.

L.5.4. BAND GAP. The band structure of Te cannot be described adequately by a simple band

pictul"p where a valence bard is kqparated from a single conduction band by the far•Idden zone (or

band gap). The absorption spectrum suggest a more comu.'ex structure. Discussions of presently

accepted -1nd pictures of tellurium along with references to the original work are presented by

,iuob (ef'erence 5-10G, nn 173-175). No attempt will be made to discuss this point in detail here,

since it is beyond the scope of this report. Reitz (Reference 5-101) has calculated the electronic band

structure of tellurium and selenium. In his approach only nearest-neighbor interactions were consid-

ered important. k-eitz started with a hypothetical chain having 90 bond angle5 and coniidered the

transition to actual bond angles (1020) as a perturbation. In agreement with experiment, his calcula-

tions lead to two long-wavelength absorption edges, dependin, on the polarization of the incident light

with respcct to the c-axis.

Measurements on the temperature variation of conductivity and the Hall coefficient tyield an energy

gap value of 0.33 ± 0.01 ev. This value, as descxibed in the preceding section, is a function of the tem-

perkture and pressure of the crystal.

ihe aaaition o0 selenium to the tellurium has an effect of increasing the band gap; consequently,

Il the photuounductive properties are also altered. An investigation of this work along wlit the effects

of doping are presently being studied at The University of Michigan.

5.5.5. REFRACTIVE INDEX. The refractive index of tellurium films was investigated by Moss

(Reference 5-102), while Hartig and Loterski (Reference 5-103) and Caldwell (Reference 5-104) in-

gLi•atevi •he reiractive index of bulk crystals. The results of the crystal studies are shown in

Fi.uru 5-72. Here thi, anisotropic bcha-viui- in ttllurium is again evident. The refractive index is
relatively constint between 4 and 14 4i, but a considerable differtnce is seen between the refractive

W indices for the Mwo polarizations of the electric vector
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Hartik and Loferski

Caldwell and Fan
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FIGURE 5-72. SPECTRAL DEPENDENCE OF THE
REFRACITTNF. INDEX IN Te CRYSTALS

5.5.6. TELLURIUM AS A DETECTOR. Early investigations of the photoconductive properties of

this 'lement were carried out on thin deposited films. In the latLer part of 1948, Moss (Reference 5-

105) prepared several of these films using a vacuum deposition technique. He found the films photo-

conductive when cooled to liquid-nitrogen temperatures. The measured NEP's (noise equivalent

powers) were quite pour, with time constants ranging betv:een 100 and 1000 IAsec. Fukuroi et al.

(Reference 5-10) have made extensive measurements of tLe photoelectric properties of tellurium

single crystals grown by the Bridgman method; however, the principal aim of this work was to mnea-

sure the photoelectric properties and not necessarily to produce intrarea detectors. In itios, Suits

(Reference 5-107) reported the fabrication and measurement of singl /-cifstal-tellurium photoconduc-

tors. Later, in 1960, Butter and McGlaughlin (Reference 5-108)..of the Honeywell Ordnance Division,

Hopkins, Minnesota, reported fabricaton of tellurium detectors as a military product. The properties

of rei'tanu-e, tpevtali reemspne, [ime lo- stant. noise spectrum, and detectivity of today's tellurium

detector are desci ibed below in detail.

I 5.5.6.1. Resistance. Single-crvstal-tellurium detectors are characterized by a rather low dark

.Val-6 uo 2000 ohrjs per square at liquid-nitrogen teriperatures are considered average

jiDav. The term per square impl'les that the length of the crystal is equal to the width. Consequently,
r. ni-o tric' - thcr than square, ,one needs only to multiply 2000 by the new length-to-width ratio to

predict the dark res.sta.-e. Res," ~ ce value of tlhýs mgni:ude require crystals with a high degree
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of perfection. and proper handling techniques to prevent strc-6sirg L-e cr'ystal and introductng dls!oca-

".i, w h aIii'ecI the reist-yvio; and carrier titetime.

5.5.6.2. Time Constant. Measurements of the ifehi~e of charge carriers in single crystals of

tellurium iavc been made by de Carvalho (Reference 5-109) using the PEM effect. He found valucs

-f time.. c.onstcnt Ir... f -- A I A,8v,, c -6, UAV . yau", a i aid increaue in - resuited.

Near room temjnerature T, followed the relationiship

T raexp E/kT

where E is the energy gap which is about 0.33 ev. Time constants of tellurium photoconductive detec-

tors are about 60 itsec at :ý70 K. Three tellurkrm detectors have been sent to NOLC for testing (Ref-

erences 5-87, 5-110, and 5-111)- One was from WRL (1959) and the other two were from the Minne-

apolis-Honeywell Regulator Company. The detector from WIRL utilized a .por-phze crvstal. whileI th. .'.h.r twri were prepa•red by the Czochralski mcthod. The relative respowm ae a funciun of

chopping frequency for these three cells t'-hown in Figure 5-73. The effective time constants of

these cells can be 'calculated by thc expres.iofl

Lff

where f is the frequency at which the response degrades'3 db frori the maximum value. Butter and

McGlaughlin report guod agreement between Teff and the time constant measured by the radiation-

pulse technique, where one observes the photocurrent decay time. The average detectors constructed

at WRL display time constants of about 50 lisec at 77
0

K.

100 -. •••

0 • 804 I

4 60,, i... o \\ \0i

20

101 102 103 104 105
FREQUENCY (cps)
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.53 Noise. Th- noi-o fprpi, ,•., spect;um Al the three cells descriLid above is shnwn in

Figure 5-74. The noise is characterized by a itI power spectruxtt (except for cell A which follows
1, .; Generation-recoinbin .tion noise begins to dominate around 10 qps. Measurements ( r-

ence 5-1 12. made u,, one seieced cell from WRL indicated that the ccll was background-noise limited

wh-n chopped at 5000 cps. Private communications with McGlaug-WIn of Minneapolis -Honeywell in-

dicate that ,they have aiso constructed cells limited by background noise.

I l~00

A C

1 .1

0 10_2

10 101i 10 2 10 3 10 4

FREQU2NCY (CPS)

FIGURE 5-74. NOISE SPECTRUM OF To

O.Dti.4. Deteptivity. Shown in Figure 5-75 are the spectral dependence of D*(X, 90, 1) for the

three cells described above. Cell A is tVmn, o( f the pre-huction mcdcl available fiuui Minneapolis-

Honeywell." The other characteristics of these cells are given in Table 5-12. It should be noted here

that the data shown in Figure 5-75 were taken at a chopping lrequency of 90 cps. An examination of

.he rel•aive reslonse and noie (iom,, -1 -A r _7A - j.......f,----' ........

,,uibe zimi]taionis i,' i and that chopping at higher frequencies will lead to a lower noise voltage

without affpetin•t,•t .A _n1--c. ro,. .rel A; i .... reising the chopping irequency from 90 cps

to 2000 cps would decrease the noise from 10-7 volt to 4.5 x 10-8 volt (about a iactor of 2). The

Private communications.
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FIGURE 5-75. ABSOLUTE SPECTRAL R2SPONS4E OP Te

j relative response remains unchanged. Therefore, the detectivity would increase by a factor of 2. A

similar treatment of cell B would lead to an inereas in detart!Y!tv h, a fn.•n r f ,1T., Af ^.. - A-

would place cell B only a factor of 5 from the theoretical limit of detectivity. The theoretical limit is

calculated by assuming that all the noise is caused by the random arrivnl of nhnt n.Q ,- ' UOw

background. This value is 5 x 10 1 1cm.cps 1 /-.watt- 1 .

Figure 5-76 is a histogram of 20 detectors constructed from crystals grown by the vapor-phase

methad. T'hese cesil represent the early tellurium detector work at WRL. The number of cells is

CONFIDENTIAL 155



CONFIDkN hAL

o~ Sien~, ~d TtchnoogvThe University of M ichigan~

01.0

0

00 0

01 0.

'1 C0.1 00.

r 
J

156 ~ r COFDETAlz a x 9ca 0 5ýI
-4 2 22 z t

E: N



CONFIDENTIAL

Irstitute of Science and T-.xchnoiogy hN Univers;ty of Michigan

4 i

IrJ
w I ' ' I • l •"

5000 K BLACKBODY NEP- x

10- 10 WATT

FTGURE 5-76. BL.%CKBODY NET DIS£RIBU-
TIOrN FOR 1/2 x 1/2-MM Te DETECTORS

I2

plotted as a function of NEP( 500'K, 90, 1). All the cells had sensitive areas of 1/2 x 1/2 mm'. D*

is related to NEP by the expression,

D* (50- °0K, 90, 1) = E 5 i 9 1

NEP(S00°K, 90, -)

Therefor?, the best D* (500°K, 90, 1) value recorded w-as about 1.3 x 10 9cm .cps 1/2 watt-. This cor-

IPIO, * _1 1/2 -1

between peak D* and D* (5000 K) ist

D* (A pk, 90 , 1) = 16 x D* (O500 K, 90, 1)

Thp. ipgradatinn of D* due to intense thermal backgrounds has not been determined conclusively

as yet; however, preliminary results indicate that D* degrades by a factor of 5 for background
-3 2

il nt •nn,,it it? PItpIlV• w;ur~t Ir.m . !ffet,,,p imolies that only those backlzround ahotons are

c,,nsidered which cause band-tio-band transitions in the tellurium detector.

12T. Limperis and w. Wolle. institute o0 science and Technology o1 The University of Michigan.
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In summary, the advantage. oi tellurium are:

(1) large quantum efficiency (3) relatively short timn consta

(2) advanced state of the art (4) a p-oGriuJus specti al response

The quantum efficiency is high since tellurium is an int-insic detector (i.e., photons produce charge

carriers via band-to-band transitions). The high refractive Index, however, leads, to a reflectivitv

of about 50%. This luts can be overcome by 11,tircflection coating.

The value of detectivity for typical commercially available tellurium detectors is 5 x 101t

cm.cps . watt . This iG only a factor of 10 from the theoretical limit, which implies an advanced

state of the art.

A typical time constant is about 60 jsec, which Is relatively short and indicates a satl oy

infornation capacity, for some applications.

Figure 5-77 shows the tellurium-detector spectral response located at a rinmum of the spectr~al-

emission curve for a clear summer daytime sky (Reference 5-113). This, coupled with the fact that

the atmosphere has an infrared window between 3.3 and 4.1 ;1, makes tellurium an interesting detector

material for some infrared system applications.

7[ Emission
CIO from Daytime and Summer

t•=! Sk<y .4-

101- o .11
Te Spectral 0IResponseE,/

0 0

0J• < 10- 4 -io 0

10 5

2 J 4 5 6 '7

WAVELENGTH (,g.•

FIGURE 5-77. Te RESPONSE AND SKY EMISSION 'l.
WAVELENGTH
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5-6. INDIUM ARSENIDE, by Thomas Limperis

Lhdjýum arcscnidc is an intermetallic semiconductor ,o. med from elements in the third and fifth

column of the periodic . .th -a londe ntrr turr(ef 5.. . 11 rA,) , a forbidden band

gep bwaii enough io allow band-to-band absorption in the near-iafrared wiU, (25-5 k . .For the past

diree yeArs. the Research Division of Philco Corporation has been active in developing an uncooled

infrared quantum detector from this material. The characteristics of this detector are presented

in detall later in this section.

5.6.1. ABSORPTION. The room temperature absorption spectrum has been determined by

Oswald and Scharie (Reference 5-115) by measuring the tranamission and reflection from a single

crystnl nf InAs with resistivity of approximately 10-3 ohm-cm. The results are presented in

Figure 5-78. This spectrum indicates an optical band gap of 0.33 ev. The increase in absorption at

wavelengths longer than 4.0 M.,ls due primarily to photon absorption bylree carricra.

5-6.2. REFRACTIVE INDEX. The refractive index as a ftunction of wavelength is presented in

Figure 5- 79, These d&ta were also obtained by Oswald and Schade (Reference 5-115). They indicate

a refracti'. index of around 3.2 in the region of 4 to 15 p.

5.6.3. BAND GAP. The forbidden band was determined in two ways. First, the position of the

absorption edge yields what is referred to as an optical band gap (or band gap determined by optical

measurement). This value, as stated above, is around 0.33 ev at room temperature. The forbidden

PHOTON ENERGY (ev) POTON ENERGY (ev)

9 ?.5 0.2 0.. 2 0. 0.2 0.1100d X••,• . lo.O 0•

C 75 7.5
F- I k
z I > 5.01W 50

o 5• 9 I I .I

0 4 B 12 16 0 4 8 12 16
WAVELENGTH (p) WAVELENGTH (g)

FIGURE 5-78. ABSORPTION COEFFICIENT FIGURE 5-79. REFRACTIVE INDEX OF InAs.
('r: TnA.. Rl,ýitjtivty = ]-3 ohm-era__ RF.sistlvitv 10-3 nhm-cm-
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ban•' was also determined by measurenments of the temperature dependence of resistivity. This Li-

,ri n by Foiberth et ai. (Reference 5-116) yielded a vaiue of 0.45 - 0.02 ev at 00K.

Thý temperature dependence of the forbidden band was detern ed by Oswald (Reference 5-117).
-4He fo:und !h3at it followed the relationship / = 0.45 - 3.5 x 10 7T, whpre T is the samaple teinpera-g

ture in degrees Kelvin. The room-temperature barid gap calculated from the resistivity measure-

ments is 0.35 ev, which is in good agreement with the optical measurement reported above.

The variation of bandwidth with temperature is shown in Figure 5-80, and the absorption spectra

at dilferent temperatures are presented in Figure 5-81. These data were taken using an indium

arsenide crystal with a 2.5 x 0 -3-ohm-cm resistivity.

0.45 50-fI~e OOK 40 -
.. ,, • 0.35" r

20-

0.25 1 1 1 
0 -

0 100 200 300 400 500 3.0 3.5 4.0 4.5 b.0

TEMPERATURE (0 K) WAVELENGTH (g)

FIGURE 5-80. ENERGY GAP VS. TEMPERA- FIGLURE 5.81 AP"ORPTION SPECTRUM OF

TURE rOR InAs lnAe WITH TEMPERATURE AS A PARAMETER

5.6.4. SPECTRAL RESPONSE. Tletectara prenared from this material are o;erated In the

photovoltaic mode, using a p-n junction. There are three labrication methods investigated by Philco

for the preparation of indium arsenide p-n junctions. They are;

(1) Alloying of dupani to furmi a p-n junction.

(2) Alloying ol a chemically deposited dopant to form a junction

(3) rn-diffusion of dopant to iorm a junction.

The first involves heating a region o; the n-type semiconductor base material to its melting temn-

S peraturc. _A quantity of p-type dopant, either cadm'um or zinc, is dissolved in th melted region,

-a and the material is ref-ozen.
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* ~ Ado-'ant-or solventco."i -~-he i n•._,:.: ethod utilizes a tco~peratur-e below *iA•,. L ... :•,:'.. poi,.t. A dopant, orsletcon.-

tainig the dopnntý is used to dissolve a layer of the n-type material, which. ia cooled io that !Lost of

th!--. nt .. :.ti iA is reie.to... frn... the fecz, volu,xie h.aving a p-tvype layer on the surface.

Tne in-difusion method consists of heating the in or As L)se material in an atinosphe.-e e-

cadmium or zinc allowing the dopant to diffuse into the surface. The formation of p-n junction by

out-diffusion is dor.e by heating the semiconductor in a high vacuum to a temperature jusi below its

meltino' ri,,t T'h.e tLt,-,, diiuae ,o t,_e suriace of the sample arid then e ¢aporate. If the

Late of evaporation is adjusted properly a junction will form.

In each of the methods just described a p-type layer is formed on the n-type base material. These
layers are approximately 0.0005 inch thick. Leads are attached to the two surfaces, and a photovoltage

is generated when photons of the proper wavelength are absorbed in the indium arsenide. The spectral

characteristics of this photovoltage are dependent upon the p-type material used in the fabrication. For

comparison, the spectral response of a zinc allo) and a cadmium-diffused cell are presented in Figures

5-82 and 5-83, respectively. The spectral response curve for an out-diffused InAs cell is the same as

S-8 -

10- 94

,-2 - - -T , I n-2

2 3 45 5 26 7
WAVELENGTH (A) WAVELENGTH (4)

FIGURE 5-82. RELATIVE SPECTRAL RESPONSE OF FIGURE .5-83. RELATIVE SPECTRAL RESPONSE OF
L'As (Zn ATLO17i IrAs (CI DIF•F•ED)
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tor a zin'-all. :.fd sample. These cells were manufactured by Pnileo. ard their characteristics were

measui Ed by NOLC (Reference 5-110).

5.6.5. TIME CONSTANT. The time constanA of these detectors is less than 2 Asec. This value

was determined trom the data published by Philco in their series oi progresns r"poi'ts and from the four

detectors sent to NOLC by Philco tor cell testing.

lllteltbtjfgly enuu6h, 11J detectijiue change in time constant occurs when cooling the cell to dry-ice

temoperature.

5 6.6. RESISTANCE. Since the photovoltaic mode is always used, the dark resistances reported.

in the literature are either front rebibtance. RI back resistanwe, %b, or dynamic resistance, Rd.

NOLC reports the dynamic resistance. T',e average value of dynamic resistance for the four cells
reported was 25 ohms. This is a very low input resistance for any preamplifier, and consequently
transformer coupling iQ required. The transformers used by NOLC were UTCHA fJtA's which have

a 2.5-ohm primary. Uponr cooling the cell to dry-ice temperatures, the dynamic resistance increases

to a value above 20,000 ohms.

Average values of the front and back resistance (determined from the Philco data) are: Rf

2.0 ohms. and Rb -Z 40 ohms. The production models today have dynamic resistances between 200

and 400 ohms.1

The dependence of cell resistance upon the level of background Irradiance has not been reported

up to the thmne of thiq report.

5.6.7. NOISE. The noise voltage spectrum for a typical cell is presented-•i Figure 5-84. The

1/f noise component is predominant out to about 80 cps, after which the significant contribution isSh".t ncf!e. Since the time constznt I' so short, ,e adia4Lioui may be chopped anywhere from 80 cps

to around 100 kcps withci - -adi,- the signal-to-noise ratio; however, beyond this point, the respon-

.1 ,ty -4:L. C4.b W u,.creasing frequency, and consequently a degradation in D* results.

5.6.8. DETECTIVITY. Thirty-seven room-temperature InAs detectors hbve *uen reported to

d04L-. all cuistrucieu by Phiico. rnev include detectors propared by t!Ve three methods of fabrication

discussed in Section 5.6.4. Of these, 33 were reported in their periodic progress reports, while the

Private communications with P. Cholot.
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FIGURE 5-84. -'O•SE SPECTRUM FOR A TYPICAL tnAs
CLLL

other four detectors were tested at NOLC. The average value uf D* (50t
0
tý, IWO, 1) was 0.8 1 U.b11 m pI2 1 9 1s/2 I

X 108 cm CP5 1  
watt . This corresponds to a D* (Apk, 750, 1) of 1.6 x 109 cCif.cps .watt.

9 1/2 -1
The best cell of the group had a D* (Xpk' 750, 1) of 3.6 x 10 cm cpM / watt . Cholet (Reference

5-118)" states that with improved construction techniques, D* (Apk, 750, 1) •iould increase by a

750, 1) would become about 10 cm. cps .watt-. The
Lictox or 6, or the Average cell D* (A pk t 2 2
senisitive areas of these cells range in size from 0.25 -nm to 7.0 mmi

The temperature dependence of D* is illustrated in Figire 5-85. It is apparent that an optimum

operating temperature exists near the temperature of dry ice. The D* value at this opttmum temper-

ature is better by a factor of three than the D* measured at 300
0

K.

Attempts at immersion have been made by Phlco in the following way: the sensitive elenimt was

imrnei sod in Q dope (polystyrene) and a sapphire lens was attached. The spectral response of this

-;,it -ýL, mig • buorpt -,a b-...- jund J.o. i kAUSC by the polystyrene. Preliminarv measure-

nie.ittb with low-melting ternary glasses as an immersion medium have given excellent results; how-

ever these data have not yet been published.

"According to private eommunications with Dr. Cholet, the average D* (pk 800, 1) of today's
InAs cell is about 5 x 109 cm cpsU 2 watt-1.
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5.?. INDIUM ANTIMONIDE,. by Joseph Mudar, Thomas Limperis, and William L. Wolfe

5.7.1. INTRODUCTION. Until the early 1950's. the em.phasis oa. infrared photodetector develop-

mpnt wa'ý center_ d on thin, :vlyervstailine films of Lhe lead salts, PbS, PbSe, and PbTe. The advance-

mentof solid-stat..e Phyics, partirularly -Pmicnnicot,)rsq. . led to_.uie da;i.oacif ber

of techniques for the preparation of pare, synthetic, single crystals. These crystals were considered
as potential infrared detectors. Shive (Reference 5-119) described such delectorg made nf ermvnýCqm

in 1950. However, the spectral response was limited to the intrinsic absor- gn region of Ge, namely

warelerngths shorter than 1.75.u.

There are two obvious ways to extend the spectral response of bulk detectors to lo -,;r ",ave-

lengths. The firnA is to add impurities which introduce allowed electron energy levels in the forbidden

gap, and the sscond is to choose materials which have a smaller intrinsic; band gap. The impurity

appruach has been used extensively with Ge. and is described ea r in this report. The choice of

other materials which have appropriate band gaps has led to detec~urs fabricated from Te, InAs, InSb,

and GaAs. InSb, one of tVe most interesting of all semiconductors, because ou its unusual properties,

is the subject of this section. It is one of the intermetallic compounds made up of elements from
column IIN and column V of the periodic table. Many of its pr~lmi-tiet, Are similar to the properties

of its neighbors in column IV, (e.g., Si, Ge, and Sn). Since In and Sb are in the same period as Sn,

InSb should have many properties similar to Sn---and It does.

-W'iker tieierences 5-120 and 5-121) made extensive measurements on the electrical, optical,

and mechanical properties of single-crystal !nSb. These measurements showed that some properties

of the material have extreme values. (For instance, the electron mobility is very high-60,000 cmvotI - 1
v l-.see ---- at 300°K.)

5.7.2. PHYSICAL PROPERTIES. indium antimonide has a gray, metallic appearance, very much

hku Lil. IL uryyiiii~tzes Ii tW LInc-utenae structure, has a melting temperature of 523-C at I atmos-

plt~cu, muLU a SptC(llcL 61 LVILy l D. •it at room temperature. It exists only as a solid under standard

conditions of -temperature and pressure; in the molten state it is an ideal solution of In and Sb.

5.7.3. OPTICAL PROPERTIES. The optical absorption has been measured by Moss, Smith, and

Hawkins (Reference 5-122). They measured the external transmittance of a number of very thin .. i.c.-

s,i a .nrgle crystl of pure material. Their results are shown in Figure 5-86. The absorption edge

(defined a the point of maximuri slope) is seen to be 6.94 1 at room temperature. This corresponds

tb 0.175 cv fti the .and hapn
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The position of the absorption edge is strongly dependent upon the temperature and the concentra-

tion of n-type iinpurity

The apparent nptheal Pnprf.v gap of indium antimonide as a function of electron concentration. (as

c:klci,.atei Ay Kaiser and Fan in Reference 5 4123) is shown in Figure 5-87. It is noted that for concen-
_x7 -tUatlonL bt!IUw Iu cm , te room-temperature absorption limit lies at 0.18 ev or 7 '. implying ab-

sorption tran-itions that arc- intrinsic in nature F~r evtri;ih- carrier concentrations varying fr om

ARi cm 7 to 5 x 10 cm-, the absorption edge moves from 0.18 ev to approximately 0.50 ev, which

corresponds to a wavelength Rhift from 7 .0 p to 2 .5 g. This behavior is anomalous, in most semicon-
ductors, impurity centers decrease the optical energy gap and therefore shift the absorption edge to

longer wavelengths. This unuvsua behavior lis explained by Burstein (Reference 5-124), who postulates

that lower baiLies oi the conduction band are progressively filled by electrons, so diat absorption transi-

tions can only take place to the higher: empty, conduction-band states.

The variation of the nptical energy gap with temperature might best be understood by examining
the band structure as a function of lattice spacing, which is shown in Figure 5-88. The normal lattice

10
S0.6

,a •.0 5-4.0

z z -3.0
SW

0-2.0

0,1.0
O•. 1 017 in18 109
Sit,! I LECTRON CONCENTRA TION (cmn )

S| FIGURE 5-87. APPARENT OPTICAL ENERGY GAP

OF InSb AS A kUNCTION OF ELECTRON CONCEN-2950 K TRATION

2 3 51 7
WAVE:LENGTH (p.)

FIGURE 5-bu. ABSORPTION IN InSb
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spacing is that .p'icinr-g wých exists when the mater- ii a rot temperature. As the temperature

decreases. the lattice spacing decreases. thereby yielding an increased value for the energy gap. Asa,

there is a oicTw~s cf the valence and conduction baods due to an electron-lattice interaction which

also yield i -higher valuC for the energy gap,. The net result of thc.e ph,,..oei-je is shown in Figure

5-89. At ro)om tcnpeattre the energy gap is 0.175 ev. In the temperature range from 300°K to

-4 UA
iuu K the change is linear with a slope of -3.3 x 10 ev/ K (Reference 5-100, p. 230). Below i0o K

tht energy gap is essertim-1y constant, changing only 0.0b ev for a AT of 100 K.

1..cas•azum.ui oi the retractive index of -crv thin siigle crystals of InSb with a carrier concen-S1016 m 3
f--. tration less than 10 have been made 'iv Mn.s. Smith, and Hawkins (Re-'ro"e 5-22)

has subsequently constructed a theoretical curve on the basis of dispersion theory. Both the experi-

meotsl and the thcoretical curves are shown in Figure 5-90,

O Normal Spacing

z
Energy
Gap

Valce Band
LATTICE SPACING

FIGURE 5-88. BAND STRUCTURE VS.
LATTICE SPACING

0.24-

0.22-N 4 . 0-J, ____________

0.20 T-

0A6 50 100250200250 300 o ~G E 1 2
TEMPERATURE (OK) 5 7 11 I 1 '3 1.5 17 1.9 _?

WAVELENGTH (G)

FIG. THIP 5-F• NRGj7 GAP .AS A FPýNCTIlOy
OF TFMPFIATi'RF Foit inSI) FIGURE 5-90. RErRACTIVE INDEX OF IuSh
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5.7.4. INDIUM ANTIMONIDE PHOTDET. CTOR, . 53-nglo crystals of indium antimontde are

used in sev:eral ways to detect infrared photons. The first and perhaps the most widely used is the

photovoltaic modp. Hrp, inrninv '.oinq Arp incident on ki- A- iinityf- oA -n_'nction of

Ans- aI a Csu!.e .'ing chci,.. kar'icrs generate a phoi-ivoitage. The, second mode, phot4 elitumag-

ndtic, Prnpioys single crystals of L.,S; immersed in a mignetic field. The udrared photons cause band-

to-ba•d transitions, and the resulting charge carriers are separated by the magnetic field, thus gener

I ating a signal voltage,. In the third mode, the change in conductivity is monitored. In this case, inci-

dent photons produce hole-electron pairs which alter the crystal's conductivity, and this is detectable

as a change in voltage. The spectral response of these cells is related dir!.ctly to the intrinsic band

gap of InSb.

Impurity-activated crystals of InSb. have been reported on by Blunt (Reference 5-125) in 1958 and

"recently by Engeler (RefereTpce 5-126) and Smith (Reference 5-127). These detectors include InSb

doped with Au., Ag- .and CU. An extrernely long .-,velength, impurity-activated detector employing

n-type impurities which i10 clsne to the condtction band has been reported by Smith. The spectral

response of these cells depends upon the ionization energy of the impurity level. The detector types

mentioned above are described in detail in the following sections.

5.7.4.1. The Photovoltaic Detector. There are two different types of photovoltaic detectors. The

first (historically) was constructed by pulling an InSb boule in the usual manner, but at an appropriatd'.

time a large quantity of p-type impurity was introduced. Thus, a bar which has a relatively sharp1 transition from n-type material to p-type material results. This is appropriately called a grown junc-

tion (more often referred to simply as a junction). The other type of photovoltaic detector is a

diffused-junction cell. These cells are preared by heating an ni-type sample until a thin p-type layer
is formed on the surface. This may also be accomplished by diffusing p-type impurities such as zinc

or cadmium into the surface of a piece of n-type InSb. The detection mechanism is the same in both

grown and diffused cases; however, there is a considerable difference in cell geometry.

For both the grown junction and diffused-junction types, the signal-to-noise ratio may often be

optimized by ateplying a reverse bias to the p-n junction. The relationship between signal, noise, and
signal-to-noise ratio with te applied bias current level for a typical detector is presented in Figure

5-91. In some instances, the optimum detectivity is obtained at zero bias. Besides increasing the

sicIn.l--t, w-•iost. rat.n, h.ck biaing also increases the absolute level of signal and noise voltage. This
easses the pr,,blem of low-noise'preamplifiers.

The photovoltaic detectors have a. theoretical limit of detectivity which is larger by a factor of

:2 than the PEM or photcronductive detetivities. This factor comes from the fact that backg-g.om

1.-SO CONFIDENTIAL



CO NF 10 EN"! AL

-nzhitute i ý,-,,e and iechnology The Universily or Michigan

701-
b0_

5Signal/Noise Ills
.0 Forward . Reverse -|° ' " ,\

!!4 2• 0 2 4 6

BIAS CVRRENT (Pta)

FIGURE j-91. : /t RATIO VS. BLAB CrdREhT FOR LAS

CELL NO. PV-52

noise. which vq the ulItimate limitinq noise butirce in detectors, manifests itself apt both generation

and recombination noilse ia the PEM or photoconductive detectors, but only as a genieration1 .1oie In

the photovoltaic detector. Thp net effect is a v'2-higher noise in PEM or photoconductive detectors

(see Chapter 3 for a detailed discussion of noise).

5.7.4.1.1. Gruwzi Junction LP~hotovoltaic). The principle of the grown junction is illustrated

in ' .g-tire 5-92. A potential gradient is produced at the Juretion of the p- and n-material. When radia-

tion is incident on the bar, electron-hole pairs are generated, and, by the process of diffusion, these

charge carriers approach the electric field at the junction. This field causes the holes to be swept

across the junction into the p-ty~pe region, and the electrons are swept into the n-type region, produc-

ing a photovoltage between the leads. The sensiti.ve area is defined by the width of the junction

•usuallv about ý - 0,!',-a mi tb ý ,'"h- A# • L • • u , e y sm l e s:~ • a • -.,n a • u t~

by this construction technique. These long thin sensitive areas are ideally suited for some scanner

I ('Chiia,-, Midw-ay Laboraturiu.s (now LAS, Laboratories for Applied Science, The University of

Chicaý-o) initiated {Referenre 5-128) the work on Lzr,,wn-.i-nc'ti')n detectors and repported the chara-

tei i-',l•' if J any cells fabricated in this way.
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5.7.4.1.1.1. Noise Spectra. The three grown,,-junction deLector's imzsufacture1 by LAS and measured

Mv NOIC (Reference 5-129) had considerably different noibe voltage spectra (see Figure 5-93). They

"ail had a I/f component; however, the frequency at which this component became insignificant was

different for each detector. Two of the detectors, PV-51 and PV-52, which had an optimum back bias

of about 2.5 volts, displayed .i 1/f component out to 1000 cps where the noise becamc white. The white

noise is pro-ably shot noise (see Chapter 3 for a detailed discussion of noise). The third detector,
4

PV-20, had a 1/f noise power spectrum out to the limit of the measurement (10 cps). Interestingly

enough, detector PV-20 had a zero optimum back bias.

5.7.4.i.1.2. spectral Response. A typical spectral response curve (Reference 5-130) for liquid-

nitrogen-cooled, InSb, grown-junction detectors `ý shown in Figure 5-94. The long-wavelength cutoff

is about 5.7 p, which agrees nicely with what one might predict from the band gap. The departure

from the approximate saw-tooth configuration which one associates with quantum detectors s possibly

due to a "disturbed" (Reference 5-131) layer which forms on the junction and is caused by the etching

sciutlon.

5.7.4.1.1.3. TimO._ Constant. The time constant of this detector is generally less than 21.Lsec. This

means that maximum responsivity exists out to chopping irequencies ot aoout AV cps. beyonu iooo
ils he lm~ie in whi~ie Lu•il~. blLa~k-1,iased detect-,s, .iieiitl" nu ~v*vo iin SiS-1La--VAa - I,-.rVS.rto

can be expected for chopping frequencies beyond this point. At frequencies higher thar. 105 cps, the

resinmovity cibens to degrade due to time-constant considerations, and thus an optimum chopping

trcutnciw.v 1h)i" this delector type w.ild hch hetveen 1000 cps and 105 cps.
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'. -. 4... Impedance. For 1 un -tiuii -type detectors the impedance must he I fferred to asaback,

-~ 'iw~rd 'or dynamic impedance. The latter 's defined as

~,AE
d 4 Ai

te. ~where AEF; A! is ýirnply the :-lope o1 the rectification curve (E %,s. ID. An avexage valuw of the dynamnic

resistance dletermined from the reported data is about 41 kohins.

5.7.4.1,1.5. PLitectivity. Difficulties are encountered in associating a D* value with a grown-junction

cell. The reason for this is the pec-uliar sensit~vityr contour (Frigure 5-95) which presents a problemi

in defining the detector area. One can see by the figure that the breadth of the junction may bcl con-

sidered as large as 100 Ai. However, the junction breadth is often defined as the distance between thie

points where thE relative response falls to 37%0 of the maximum value.

n-' ntype p-lype

60- 4 0 0 2 0 6

SPOT POSITION (ii)

FIGURE 5-95. SENSITIVITY PROFILE ACROSS p-n
JITTTNTInMOF .-c TYPICAL GROWN-JUNCTION DE-

TECTOR. Infrared spot diameter Z25 IA.

Table 4-l3 !s a list of the detectors and their characteristics which was published by LAS and

INOLC. It k;interesting to note that 11 of the cells have two Pntrip'; inthp t~hp -- F' k

of eaurmens n heunbiased condition; and thp nth~r I,- I ci-_-aeI

ThsiIlutae in the histogram in Figure 5-96. The shaded area represents detectivity

vales btine ontheback-biased cells and the blank squares represei2 the unbiased detectors.

ILittle eoln bc ner- fo thi hishucrami .,iice nilv 28 uells are I:"ýted: however, indicatio ns are
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FICGUE 5-96. HISTOGRAM OF GROWN-JUNCTION CELLS

that tile average D* value of the back-biased detectors exceeds the average D* value oi whe unbiased

cells by about a factor of 5. The highest D*(500 K, 90, 1) was from a back-biased cell which had a

vlhie Af 5.4 x 109 (a factor of about 4 from the theoretical limit of detectivity).

The effect of increasing background temperature on the detectivity of grown-junction cells has

not b*ni determined as yet. Measuir,'ents of this type have been made on the diffused-junction cells.

These data are described in the photovoltaic diffused-junction section.

Commercial manufacturers of grou-n-junction photovoltaic detectors are Radiation Electronics

Corporation, Polan Industries Inc.. and the Crosley Division of the Avco Corporation.

5,1.4,1.2. Diffused Junction (Photovoltaic)- The formation of a p-typo qc.,..a :. ..n y

rInSh slab was discovered by Guldbere at LAS early in 1956. The p-type seRLace was produced by

bpotinv the slab to 450C0 in a vacuumi. The resulting p-n junction proved to be highly photosr. nsit le

at 7 i l. The ieCi.'an1Sm 01 signal generation by incident radiation for diffused-junctLion photovoltair
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dte~aurcs is Idientical to the signat -genera'tion ruechanisir -,f grown -junction dietectors. Over the past

i w years thc diffused- uactiofl detector bsbecome-n thic more popular cif the two. There are two

reaOen: onr this: tirsi. the diuci uctioii detector is not restricted to a line configuration as in the
2 2

crwn-uotindetecto'r, For example, d&t fused- iunctI on, dctcctor area-s of 00.25 nanii to 36 nini are

rc adily acadauk ful UIIIe 11anufaCturers today. Second, the method of manufacture is mor-e adaptable

to large-scale manulacturing techniques.

5.7.4.1.2.1. Spectral Response. A typical spectral -response curve is shown in Figure 5-97. This

respunsc 1ý essentially that of a quantum detector having a peak at 511 and a cutoff wavelength at

5.3 li. compared to a grown-junction cell which has a peak at 5.5 1 and a cutoff wavelength at 5.7 A.

This difference is doe to long -wax'eleogin radiation being absorbed so deep in the crystal that carriers

produced recombine before diffusing back to the junction region of the diffused junction.

* 100

S80j

zIa. 604

5 1, 2n

5.7..1.2.2. Toime Cntant andFreqtuencyre Re shownse incFgue t -he turm cos an waf I sbelectedi ofro

Ii od erj ofl I-c : sOec and iess the ca fre the n oiy spectrum of t e r lso iy diffusded-funtiont deetora . Theas
1n5
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pfedoalin.lA r'oise soi'rce appears to follow a i t la,"'n .. hfr n u 0.5. Rucenliv, fow-

ever, Levenstein (Reference 5-47) and Beyen et al. (Reference 5-032) na-ve reported measurerments

nn se-era- InSb diffused- junici ters .itiU; JcLectiviti-s which were a•out a factor of 1.2 below

L~ia t~li tw a' LL d ch~uppl-g frequencies of 900 cps. Curve B is a noise-spectrum curie associated

with these recent detectors a-d shows the white-noise spectrum beginnirng at about 500 cps.

As shu,, in Table 5-14, the cell noise voltage ranges in value from 1.1 to 200 x 10- 9 volts. Such

50T, a. ,Uin, vuii.tges require very caretul preamplifier design (Reference 5-133). Back biasing pro-

vides some help on this score by increasing the detector impeda-ace.

5.7.4.1.2.4.. Cell Impedances. Cells can be made having a wide range of impedances. The majority

of the cells reported had dynamic impedances in the 500-ohm to 1000-ohm range. Currently produced

cells have impedances in the 1000-ohm to 10,000-ohm's range, depending on cell area.

5.7 4.1.A.5. Detectivity. The magnitude of the photovoltaic signal will depend on the number of hole-

electron pairs generated and the number of these pairs that are separated before they recombine.

Decreasing the recombination rate:wlvl, therefore, increase the signal voltage. The recombihation

I1.0

A
Philco Cell No. !SC-301

0-I B..

0 Texas Instruments
I Cell No. TI 1-211

I IV'- -2_]_ _ _ __ _ _ _ _

101 102 103 10

FREQUE-NCL Y (cps)

FIG(iURE -i-!.1% lnSb PHOTOVVOLTAIC DIFFUSED-JtUNCTION NOISE SPECTRUM

"Pr ivat C •,mnunluat o- with Werner Beyen.
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that t.-kes place in the buLk of tije surface layer can De redl:iced hy reducing the thickness of the sur-

fae I.ix I hin. - . bc, -- ^', by proper vtchitg ahd c•iaiwuing iechniques,

The detectivity is also a function of the initial impurity content of the bulkt material. Philco

Crp,,ratien reports on optimum impurity daping 4f about 5 x 10 impiires, cm

Since the InSbroom-temporature energy band gap is 0.18 ev, photovoltaic detectors must be

cooled to decrease the number of thermally generated hole-electron pairs dand thereby establish the

junction in order to obtain high detoctivities. Very little is gained in cooling belo.1 770K.

Boeing Aircraft Company has performed a study of photosaturation effects on infrared quantum

detectors (Reference 5-134). This work was done to determine the degradation of .vstem performance

due to aerodynamic heating of domes in infrared seeking missiles. The responsivity and noise of

Svarisr elptA•t or .w-- ýe n "c function of intensity of background radlaLinji. The background

radiation was measured in units of effective watts/ cm . This effecti• Aiux density is obtained by
multiplying the spectral power density of thp saturating soarce by the normalized spectral response

of the cell. The degradation of normalized detectivity of an InSb diffused-junction photovoltaic detec-

tor is shown in Figure 5-99. This degradation is due entirely to an increase in noise level. The

responsivity remained constant over this flux range.bOO°°i-

0.1-

0.01 ' " -.............S•010l 3 102

""BACKGROUND RADIATION (effective waits/cm 2 )

J FIGURE 5-1¶9. D! VS. B.ACKGROltUND tRADIATION IN DIFF[M:iI-J.N"I I•N ciONs
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Table 5-14 is a compilation of the data on InSb diffused-junction detectors reported hy NOLC, TI,

Philco. aid Syracuse University.

rh, !1!rnber of cell, i- m gaveP detectivity ra:,gc vs. detectivity are plutted ii haistograin lorol in
10 1/ -Firur- -•0'.. ;'h'" highest D* (500"XK,--, 1) value reported was 2.1 x 10!Ocm~ cps"' .watt for

a Philco Corporation detector measured at Syracuse University. This cell apparently has an angular

fuind ,view of 130". Normakizing this D* value to a 1800 field of view niaces thp datertety -.f th(

cell at oily a factur of 1.2 (or 20%o) from the theoretical limit. The histogram showIi a mode at
9 112 -1

D* = 2 x 10 cm • cps ' watt or about a factor of 10 from the theoretical limit. The average detec-

tivity is 3.7 x 10 9 cm cps•/ watt-i Ratios uw D* (500 0K,-, 1)/D* (Xpk,--, 1) were in a narrow

/

14

12 -4 1 E] Philco

I-I * Philco (back bias)

101 ~TI
• .• •LAS

STheoretical Limit for 1800

Field of View

22 -

I "1"-- lfi 4 I V [
0 2u: 4 60 80 10 12o 140 160 180 21i0

) I)(5 30 0 K, ,1) (cm.cps ".watt-) x 10

F'IGtUJF 5-l0o. HISTOGRAM OF t)IFF'USF'D-.t'NCTr( N C'F':I.S.
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range of abhout 5.0 with a maximurm of 5.4. Only the D* ratios of cells showing a quantum-detector-

type spectr.fl respnsc ,crc c..: :ickud i~i t,. •tat;.tics. Prehent -dLy manufacturers oi this detec-

- - _-_:-3 wth D (W00 0
K,---, i) values of 5 x ii . li-gner detectivitie.s are furnished at

i.wL tlaltd d price.

Commercial manufacturers of the difflsed-junction, photovoltaic, indium antimonide detector are

Texas Iinitruments and Philco corporation.

5.7.4.2. Photoconductive Detectors. The increase in electrical conduhctivity caused by radiation

ipcident on the crvsiai is the mechanism utilized in photoconductive detectors. The direct effect of

this incidcnt radiation is an increase in the number of mobile charge carriers in the crystal. If an

impinging photon has e:,ergy greater than the energy difference between the highest point of the filled

vln•e band and the lowest point of the vacant conduction band, then there is a high probability that

the absorbed photon will create a hole-electron pair. Both the hole and the electron may contribute

to the increase in conductivity.

Shortly after Welker's original work on the compounds formed by elements in columns Ill and V

of the periodic table, Avery et al. (Reference 5-135) demonstrated that InSb had photoconductive prop-

erties out tn 7 p at room temperature. Goodwin (Reference 5-136) demonstrated that excellent cooled

detectors could be made from InSb which were sensitive out to 
5 .5 A. Due to the very short carrier

lifetime in InSb it was previously felt that this material would be unsuitable for photoconductive detec-

tors because of the small signal voltage. This signal voltage was a factor of 10 smaller than that

observed in photovoltaic InSb. However, the noise level at frequencies sufficiently high to be out of

the 1/f region is about a factor of 10 lower tC.an the noise level in photovoltaic detectors at the same

frequency. Tnhis i esults in a comparable S/N ratio. Photoconductive InSb detectors now compare

very favorably with photovoltaic detectors. They have detýe'.idiities as high as D* (500, 1080, " =

I x 100 v.1-att- or a factor of 1.5 frow thejureLicai limit (Reference D-137). Commercial

detectors are now availal-le which are operable in a temperature range from 77"K to room tempera-

ture (Reference 5-138).

All..' . .H-pi-lr ui ii•o, iý .tiL~l Uc puLILY iequired,
the individual u,,-tituotn a . b, mnust .. zvie-r.-4iied as weil as the InSb compound. Due to the

snmall energy l)and gap in InSb, a large number of electron-hole pairs are thermally genei ated at room

temperature. The <uonduction will he dominated by these intrinsic carriers for impurity concentra-1 166
lions of less than 10 atoms. cm . Therefore, impurity measurements for values lnwpr than 1016
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3

atCn;s cm must be made at luwer temperatures. This is usually accomplished by making liquitj-

"'lfrogen Hall measurements.

SSlices cut from these boules are lapped, polished, a:i-d etched to the dbisred thicyrjess. Tnevylcan

be as thin as 4 1 !Reference 5-137). Contacts are usually soldered to the ends and protected ¼f[ire

etching.

5.7.4.2.1. Spectral Response. Typical suectral resnonse ctirv- f- 77"K !22 0 K, ,G r.

are shown in Figure 5-Ii1. The 77
0

K curve is for a Syracuse University detector and is simidar to

the photuvoltaic response curve having a peak at about 5 tL and a cutoff wavelength at about 5.5 gi. The

193°0K curve is for a Texas Instruments detector operating at solid CO 2 temperature. The increase in

operating tempeatuce results in a spectral-Deak shift iu about 6 A. The 3u00K curve is hased on data

irori a Mullard Limited of England ORP-10 detector. This curve shows a peak at 6.5bj with a cutoff

wavelength at about 7.3 11.

5.7.4.2.2. trequency Res;ponse and Time Constant. Although no curves of signal voltage vs.

chopping frequency were found in the literature, LAS reports a flat frequency response out to about

75kcs (Reference 5-138). Due to the short time-constant characteristic of InSb tke frequency responseI h0rld be flat out to at least ibis frequency. Practically all of the detectors reported had a time con-

stant of less than 1 gsec. However, Syracuse researchers (Reference 5-139) discuss the occurence

ot two time coistaliits: one of less than 1 psec, the other several microseconds. Figure 5-102 shows

a response to a square radiation pulse with two decay slopes appearing.

100

z 80-So
a. Syra,.use,,

4 19 50K

-40 770K

/T 1 2 z

0
S20ý 0

WAVELENGTH (0z

FIGURE 5-102. RESPONSE OF
FIGURE 5 101. SPECTRAL RESPt)NNE OF InSb PHOTO- InSb TO A 5ýQUARE RADIATION

CONDUCTIVE CELLS PT7LRE. Two decay modes appear.
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;.2.'_.. Noise. A typical noise s- ectruin is shown in Figure 5-103. The main contribution

appears to be 1, f noise out to 103 cps. Since these noise voltages are extremely small (of the order

" . 0 , 10- volt), great care must be devoted to the associated electronics to insure that the svs-

tý.-M ac-tcctr-n-iie iiniited. Since the signal voltage does not vary with the chopping frequen.cy in
Vý . 3

the 1 f region, chopping at a frequency of about 10 cps should result in maximum signal-to-noise

ratio and consequently maximum detectivity.

10-
TI-115-PC (15ma bias)

ai . • Typical Cell

~ S T -124-PC ('7ma hins)

z
0-9 ' Ij I

10 10
10 2 10 3 10 4

FREQUENCY (cbs) 1

FIGURE 5-103. NOISE SPECTRUM OF PHOTOCONDUCTIVE
InSb

5.7.4.2.4. Cell Resistance. The majority of cells reported indicate that the impedances may

be divided into two groups: low-impedanc2 cell produced by TI (10-100 ohms), and high-impedance

cells made by LAS (1-10 kohm). The higher impedances of the LAS cells may be attributed to t •o

factors.

,1) A lower impurity concentration (about 7 x 10 impurities/cm 3), therefore a higher

resistivity material (Reference 5-140).

(2) The LAS ýellb were operated at 77
0

K compared with 193
0

K operation by TI.

5.7.4.2.5. (Confidential) Detectivity. As described above, there are two types of InSb photo-

conductive detectors, which are called low-impedance and high-impedance cells. Low-impedance

cells are optimized for pcrformrinca n' . .I "T. -, -111::-zc v , !C,.

at 77
0 K. The ranaes of vail,,ps ,-- giýen ab.•c. It is" intei-estiig to note that detectors with imped-

j antes as hich as 40 kohm have been reported (Reference 5-141). These cells were coanstructed from
12 H 3 h-impedance cells of ths type can -e manu-

niaitccial with an impurity content of ab,,it 10 cm High-meacceloftityeanbmn-1actui ed with large thicknesses, since the signal voltage will not he shorted by the high resistance
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Ouik. this leads to a mechanically rigid cc-l which is amcnable t.- m-ass p, ,.c•i-n. On the other

hand the- low-imnredanre cell must havc a thickiness of approximately 10 ;a i order to maximize the

Tim temperature dependence of detectivity is quite different for the two detector tyres. This is

,-hiuwn in:Figure 5-104, where the !- ,•,N ratio is plotted as a function ol reciprocal temperature. The

low- impidance detector data were taken from a Texas Instruments progress report (Reference 5-142).

j w eic the high-impedance data were taken from a 6yracuse University report (Reference 5-141). The

figure indicates a rather important point: the S/N ratio of thin (or low-impedance) detectors reznains

relatively high for temperatures between 80 0 K and 2000 K. This means that the low-impedance cells

3can be operated at dry-ice temperature without serious degradation of the noise equivalent power.

Syracuse University reports a decrease in detectivity by a factor of 6 when their low-impedance

detector is operated at solid CO 2 temperature instead of at liquid-nitrogen temperature.

10 Low Impedance

0 10 2

S~/

i High Impedance
1001

iI I I I

I 3t0 5 7 9 11 13 15

1000 T (0K-l)

FIGURE 5-104. S/N RATIO VS. TEMPERATURE FOR

HIGH-AND LOW-IMPEDANCE CELLS

I Commercial el-ls which are made tn operate adequately at dry-ice temperatures are available

Ltaaý. In general, these low-'mpedance cells aliso have a hiizher S' N ratio at in ,nitr,.gcn tcra-

lures than their high-impedance counterparts.
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The significant advaatage of the high -impedance cell is that the generated signal and noise voltages
C 01:11r t 1i the U 61e iuw-iinpedaihie cells. In fact., this was the reason for their develop-

ment. These higher voltages and higher impedances ease the -roblem of selecting niwo-rint elec-
_t- kb LO insure that the system is detector-noise limited. Table 5-15 lists the photoconductive

d !tur •" j'c-,rtcd ti th1 litvrt-u1'e alo1g1 with their measured parameters. The highest detectivity

reported for a cell operated at 193 0 K is D* (500 0 K, 840, 1) = 1.2 x 10 cm- eps2 waLt , which is

about a factor of 12 from the theoretical limit. The highest detectivity reported for a cell nneritod
at 77oK is D* (5000 K, 1000, 1) = 10"' cm- cps . watt , which is about 38% down from the theoreticalI limit for 1800 field of view. The detectivity at the wavelength for wl-ich the spectral response is a
imaximum is about a factur of 6 greate, than 5000 K blackbody detectivity for liquid-nitrogen-cooled

detectors. D* 500°K,--, 1) and D*(Apk,--, 1) values for 9 cells were listed. D*(A pkR,- 1)/
D* (500 0KK.-, 1) = 6.1 for the largest D* (A pk,---' 1) value, and D* (A pk, 1)/D* ( 5000 K, •,

1) = 5.2 for the smallest D* (A pk' -- , 1) value. The average value is 5.7.

The nntirnmorn bias currents for the high-impedance cel1[ are in the range of 3U-300 jia. For the
low-impedance eells, larger values of bias currents (5-35 ma) were required for optimum operation,.,

Figure 5-105 shows the detectivity of these cells in histogram form. Nothing specific can be said
a 1/2about detectors operated at 770 K other than their detectivities range in values from 2 x 10 cm' cps

-1 10 1/2 -1watt to 10 cm- cps/2 watt The detectors operating at 193 0 K have detectivitie,' grouped about

20o-
181
16 [OTI 193 0 K f=940

S14 * LAS 77 0 K f= 90

1• 2 LAS 77 0 K f = 1O0O

( 4-i

4~11
0 10 20 30 40 50 60 70 80 90 100

I)P(500 
K, - 1) (cm. cpsa .wtt-) x 10

FIGURE 5-105. HISTOGRAM OF PHOTOCONDUCTi'E CE. LS
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5~~ W IC mca .wtt Cqmnercia ,a~wfacturers o1 photoconductive indwim aoinii ie -

tectors arp:

1 ) Nitiflai'd Elecutrancs Products, Ltd.

ý2) HRadiatiuii rlce LrofliCS C-orporation

(3) Te-xas lnstruilieiitý Incorporated

(4) Minineapulis-Hioneywe Ii Regulator C-ompany

5S) Bloc), Associates. in-

5.7.11.3. PEM Detectors. Detection of radiation by the PEM effect has certain advantages over

photoconductive and photovoltaic methods. Coolin~g of PEM detectors is not required; therefore, in

lziSb, the long-wavclength cutoff is extended to about 7 p. This also simplifies detector design by

eliminating thle dewar systems which employ infrared %%indow materials: of course, a magnetic field

must .be supplied. PEM detectors are operated without a bias cuprent, thus eliminating this as a

noise ,ource.

Briefly, the PFM effect can be explained by toe following mechanism. Photons impinging upon

semiconductor crystals are absorbed at or near the surface and create hole-electron pairs. The
excess concentration of thene mobile cairiers near the irradiated surface leads to a diffusion cur-

rent for both electronc and holes. The curren' directionisz toward the opposite unirradi-ated surface.

recio~asshwliinFigure 5-106. The excess concentration of these carriers at the electrodes-A

andT- giesrise to the signal voltage.

Sotvaiter Welker's initial wnrk onl InSb, Kurnick ct al. (Reference 5-143) demonstrated that

li comipound could be used a~s an uuicooled PEM detector. Due to its high carrier mobility and

sliurt lifetime it was shuv.'n that InSb is a pjarticularly favorable iiaterial for PEM detectors.

A successful manufacturing technique has been to cement a thin slice of single crystal to a

ijass plate. The slice is then lapped and polished down to about 25ji. Detpctor ellemlents of the de-

sired dimensions are cut from the crystal, with tlie glass backing retained to give strength and rig-

idtv. Leads are attached and the element i xe ` .................. au tn. kr~ . L1-1S I n

vle nea i thf! aý:ere bewee tl- pccc -- a el Inlanent magnet. The detector need not be

lierieti al 1 sealed, since operation inteatmosphere does not adversely affect performance.18
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(Magnetic Field into Paper)

FIG.•rIF -lW. SCHEMATIC REPRES-
ENTATION OF THE PEM EFFECT

5.7.4.3.1. Spectral Response. A room-temperature spectxal-response curve is shown in

Figure 5-107. This curve is essentially that of a quantum detector having a peak at about 6.01p and

a cutoff wa--?length slightly beyond 7 a.

5.7.4.3.2. Time Constant and Frequency Response. The time constant is less than I gsec.

5.7.4.3.3. Noise. A typical noise spectrum curve is reported by NOLC and is shown it.

Figure 5-108. If thc equipment used to measure the signal is a high-impedance device, the detector

signal can be considered to be an open circuit voltage. Since these detectors are operated without a

Wbias current, the noise components are 1/f for low frequencies (I < 100 cps), and Johnson noise for

higher frequencies. According to theory, genera! ion-c •rbinat oi' noise should be negligible since

it is a function of the mean value of the current.

5.7.4.3.4. Cell Impedances. All of the tells reported had low impedances, ranging from
4.5 ohms to 90, ohms.

-. 1.4.3.5. Detectivitv. One of the controllable parameters in obtaining an optimum detec-

i tivt I",', lh'1t Cll tiiucioies d. From a theoretical view point the response should vary as lid, while

11 ;Ov C n li .i .t, I Theiiuore. thu signal-to-noise ratio should vary as 1/.i-d. These
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1 U 0 7 - ------------------

o I ,&i _T 101 10 2 10 3 10 4

1 2 3 4 5 6 7 8___(CPS)
WAVELENGTH 20i)'+ --rEQUEN ( RpE 1

FIGURE 5-107. TYPICAL SPECTfRAL RESPONSE OF AN S!nSb 
PE NT r~.T T Pt 390 0!!. iiGulit 5-108. NOISE SPECTRUM FOR PEM CELLS

relationships hold down to the. absorption length of radiation in the material. For InSb this is from
I1

I j• to 10 p. Optimum cell performance should, therefore, result for thicknesses ci the order of

1-10 /. Since signal strength is a linear function of magnetic field strength, the latter should be as

large as possible, consistent with practical detector gý:oznevry. fable 5-16 lists the PEM detectors

reported in the -iterature along with their measured parameters. A histogran of these cells is

given in Figure 5-109. All of the D* (500 K,-, 1) values lie in a region from 107 to 5 x 107

1/2 -1 I 7
cm* cpS watt , with the majority of the D* (500 0K,--, 1) values in the 2.5 x 10 o 5 x 10

1/2 -1
cm • cpS • walt regioo. These values are about a factor of 500 from the theoretical limit. The

7 1/2 -1
highest detectivity reported is D* (5000 K, -, 1) = 5.6 x 10 cm. cpsl . watt by. LAS, which is a

factor of about 300 from the theoretical limit for a 1800 field of view. Rat-os of D* (5000 K, -, 1)/
D) (Apk, - 1 ) were fairly consistent with the majority of the cells having ratios tf'om 2.8 to 3.3.

The average ratio for the cells listed was 3.1. Using this relationship, one has D* (A P IC ) =

3D* (500 K, - , 1). Private communications with cell manufacturers have indicated that D* (500 K,

1) values of 6.0 x 10 cm - cps watt are guaranteed and that the best cells measured to date

have D* (5000K.-, 11 valups of nh,,t !2 cts: 2

Commercial manufacturers of PEM indium antimonide detectors are:

(1) Minneapolis-Honeywell Regulator Company

(2) Ratdiation Electronics Corporation

(3) Texas Instruments Incorporated
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FIGUIEE 5-109. HISTOCRAM OF D* VALUES FOR PEM DE-
TECTOPS

5.7.4.4. Imparity-Activated Insb Detectors. r'here are presently two approaches to preparing

extrinsic InSb detectors. The first depends upon the addition of known amounts and types of impurities

Wu Gie parent lattice, and the second ufilizee the impurity levels which exist in high-purity In~b crystals.

These high-purity crystals have -donor coihcentrations of about 4 x 1014 Cm-3

In the first case, the intr"duc , d ixtpuritie5s xar-e the elec-uuiic structure M the immediate vicin-

ity of the impurity in the crystal. This change results in the introduction of allowed electron energy

states j. the forbidden band. Fi-irp 5-110 is a simple band picture of InSb along with the a'lowed elec-

tron energy states introduced by copper, silver, and gold. The numbers adjacent to these en'ergy states

refer to the separation (in electrun volts) between the level and the valence band (E.). Bluat (Refer-

ence 5-144) determined the energy levels of Cu in the InSb lattice by measuring the conductivity and

Hall coefficient of doped samples as functions of temperature. Photoconductivity measurements were

also made on these phototype detectors. D* values shown in Table 5-17 (T = 5°K) were calculated

from Blunt's data. It should be noted that no effort was made to optimize the NEP when constructing
_In, SC I CL. i .- Ii t .. tt. 11 - ý i t tivL- nZu.SLiL , enlulnmItb were the primary ubjective.

The levels introduced by Ag, Au, and Cu were determined by Engeler (Reference 5-126). The

measurements on the Cu levels agree with those of Blunt. Measurements on prototype InSh:AuII

(irninlyvin, the secrnd level of gold in the InSb lattice) detectors have leet, repArted by qBorrelio et al.

(Reference 5-78).

4
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CONDUCTION BA'NT)

A9 -0.07
0.056

0.04

0.023 0.022 -0.02

VALENCE BAND1 FIGURE 5-110. INDUCED IMPURITY LEVELS IN inSb

TAttLE 5-11. D* VALUES CALCULATED FROM BLUNT'S DATA

Cell No. Copper Irppurity Level D*(X nk, 450 cps, 1)-

(ev) (cm. - 4_ I watt

C-51 0.023 3 x 10 8IC-68B-3 0.056 2X107

Another method of constructin,, !mpurity-activaL~U InSb detectors is simply to t~ak high-purity

InSb (about 10 14cm- donor impurities) and utilize the impurity centers which introduce a..ilowe"'
P!ertron energy levels in the forbidden band (quite close to the condurction band), If the impurity con-

centat~n isgret~iUian10 m ,the mpu~tycente'is will lie close enough to each other to

interact and produce a number of degenerate states. In this situation it is extremely difficult to depop-

ulate the extrinsic electrons from tl-hc conduction band by cooling the sample. However, if a magnetic

field is applied, the interaction between impurity centers decreases and the ionization energy will

CALI111IC ongwavlenth utofl corresponding to the ionization energy. The ionization energy is a

funtio ofthesiz ofmageti fild mplyed Puley(Reference 5-145) reports a laboraitory sample

(if n-type InSb which exhibits a minimum detectab~le power per unit bandwidtli oh about 5 x 10-1 watt
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at 0.5-ram, 5 x -0-1 watt at 2-mM, and 10 to watt at 4 -mnm wavelengths. The sanmle diniensiunswere 0.5 x 0.5 x 1.0 cn. Inditum electieodes were applied to 0.5 x 1.0 cm 2 faces. The magnetic fieldwas applied at right angles to th• d•r ...... ... e.__ . n ......... .Sm t ..... .... .... m.uu•.,e i cnew ent radialti:M. Putle, ýJdSmith (Rvnce 5-.146) report a rcsponr,- 2 mm for a similar-type detector.
These impurity-activ2tod InSb detectors are -ii a very early stage of development and little canbe said about their characteristics except for the spectral respohse, which is of course determined by

the iunization P,-•...ur, v;nat tne JnSb:AuIH detector will provide a high-impedance detector in the 6 -g region. The second type of cell mentioned above should prove valuableas a detector of electromagnetic radiation in the spectral region between infrared and microwaves.

Cj
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UNUSUAL DETECTORS

Gwynin H. Suits, Thomas Limperis, and William L. Wolfe

Tho infrared detectoraý described in considerahlo rintnil in !hv prcccediqgc; tremlypoo

v'týit phtctonductivc' ui pliotuele~ctromagneieia phenchmena. to transiduce the infrared signal into an

Kelertri.ci! outp!!t. The ýk trans.ducing processes are by no means the only ones avaiiab'e to the infra-
red hyscis. I th pas fe yers eveal n&w -~oe,;ses which merit discussion have been men-

tioned in the literature, These are-

1) The infrared imrage-position indicator

2) Detectorb based on microwave techniquPsr

(3i Detectors basee uil optical-pumnping techniques

None of tlic,- detectors 1. ive yet been produced in sullicient quantity to permit a comprehensive

examination of their limitations or advantages. The information thai follows is therefore based upon

limited data and theoretical considerations of the processes involved.

6.1. rHF MAE- POSSITION INDICATOR

In 1957, Wallmart (References 6-1 and 6-2) reported a method for determ ining the posl-tlon of a

sllspot of light orr a defector surlre H hwtatsdfue-junction pnotodetectorpocea

voltage diference between two points on its surface. This lateral voltage is dependent on the dis-

tance of the light spot from the electrodes. The volta,,e is a result of the lateral photoeffect, described

as follows: when radiation striker, the surface of a junction, as shown in I izure 6-1, hole-electron

pairs are ý,enerated. As is the case in conventional photovoltaic detectors, the holes move to the p-

ty pe rcgluil and cluctrons to the n-type region (see Chapter 3). If thU Lunductivity of the p-region is

much Sau-cer than that uf the n-region, the holes will quickly hevonie uniformly distributed througho~ut

the 5)-region. Meaniwhile, the electrons will have moved only stiehttv Thor ~'-- ý: 1-11

rl ii~Sa~v oiicrated tar from the initial disturbance -will cross the )unction 'nte the nrrgýGnn, tthC__uy

crveatloi a potential difference between themselves and thp electrons. whioCh hs':e mioved hut little

;,,oa the ,pot ol fi~ght. A current will then flow until charge acutrallizattuit occurs. The flow of rur-

rent -au-cs a poitential difference V, a function of the resist icity (p) ofthe material and the lateral
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Light
S1d1

p- Region

S) • Distance
L~ateral Photovoltage

FIGURE ';-1. LATERAL PHOTOEFFECT

c-;rrent density (J.):

x

V f- J pJ dx (6-1)

The transverse photovoltage (voltage acrosb the junction) at the point of illumination is given as VA.

For points away from the illuminated region, the transverse potential will be VA - V. The transverse

current density, J may be calculated fr,mr conventional junction theory (Reference 0-3).

it = J expT (V A.V) -l1 (6-2)IJ
where J is a constant

S

q is the charge
k is Boltzmann's constant

'1 is the absolute temperaturq:

"Thc irt.Iali,,hlp bvtwuen transverse current density and the lateral potential V may be obtained by.

I ýttlin• thc div(rgc-ck- of the UlecIron current density -n the n-layer equal to. the density of the cur-
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_ei ro-'sing the• junct'3.D.

v 2 V -Pj:./W

.71, U Ji,1" uucrneSs Of the n-region. When Equation 6-2 is substituted into Equation 6-3, there

2 _ al_ i vx'A '

Consider the simple case of one dircns'~ion ;tfia x direction),

d v P exp i( VAV) I
dx2 W - x T .A

It
and by integi-ation

dV rp 2 kI -1, 1 qV 1 1`2I: -P A -,, (V - v ) . v K I (6-5)
d L ql - T l' A -T J

where K is the integration constant From the boundary condition. kda-=O,CIX - 0= o2x•0n a

x = 0, the constant of integration is solved for, and V(x) is found to b 0 (V

V - V2pJ,! (6I6)

In order to determine the position JA the light spot in two dimensions, four electrical contacts

are needed as shown in Figure 6-2. Eqiaatton 6-4 then b~cumies

T2 dy2 A

The solutions V. and V ac-ording to Allen et al.(Reference 6-4) arA
r

x 27 W r2

and

ol "'
v -n (6-8)

I wJvjre I is the total photocurrent

r t-h distancc fi rn thie lhht spot to the i-th electrode
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FIGURE 6-2. SPOT-POSITION LOCATION IN TWO DIMENSIONS

These expressions for V and V agree with experimental data f Reference 6-4) as shown in

I'iplre 6-3. The zero position represents a spot located at the center of the detector surface. The

relationship between V and V with spot position iS approximately linear (deviating from a linear

function by no more than &0';) between plus and minus onv-half the distance between the center and
the electrod•es.

The early work on ;pot-poqitj_-n indicators described by Wallmark was accompliahed with gcr-

manium pi-n junctions. EOS (Electro-Optical Systems, Inc.) and Philco have becn active in develop-

ing an infrarcd image tracker of the sort described above. The EOS cell, called the RRT (radiation

tracking transducer), is made of an uncooled silicon p-n junction. Its spectral response peaks at

0.9 M, which is characteristic of intrinsic silicon. Both Philco and EOS have phototype indium anti-

monide inniage-po-sition indicators with detection capabilities out to 6 p.

The EOS silicon RTT has a time countant o1 about 6itsec. Its dynamic impedance ranges from!4
0.7 to 7.0 Luhm. The inoise spectrum is flat from 300 cps to 10 . "4 ai. u in me white

-- l... •imub tWe thermal noist- diet to the dynamic impedaniwo 1e:clutLn ui angular posMon

-i radzatiuo, source is better than 0.1 second of arc. The noise equivalent power (defined as that

light-spot power located 0.25 cm from the center which yields unity signal to noise ratio), is about

2 x 10 watt tor 1-cpa bandwidth and a 250C cell teniperatur,'.
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FIGURE ii-f. VARIATION OF V, W!TTP SPOT
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Detectors of this type should see extensive application in tracking and guidance, computers, and
data processing.

6.2. INFRAIRED DETECTORS RASE•D ON MICROWAVE TECHNIQUES

lic•c.archers at General Bronze Electronics (Reference 6-5) and Conovar of the Air University
(Reference 6-61 have found that microwave cavities, which utilize semiconductnr dielectrics, have
tI.., rtl ii diaractfeistics dep).nding on the free charge-carrier cLn.:tijittion in the dielectric mater-
ial. An infrared detetctor system employing this phenomenon was developed by General Bronze Elec-

tronics. It utilizes an infrared-sensitive semiconductor simultaneously illuminated with infrared and
microwave c!iergy. The variation o0 incident infrared energy is sensed as a complex impedance
'han:j, in a high Q microwave cav-ty ( Figure 6-4). The microwave energy reflected by the cavitiesare combined 1Q.0c out -of phase in the output arm; therefore, if the system is balanced (the reflected•].i wV!e s from the cavities have the same amplitude and phase), no power is coupled to the output arm.

-)lII( tCl"e phlase and amplitude of the reflected waves is depcndent upon the complex impedance of theJ diciectrni material, incident radiation tpon one of the diilet trics will produce a dif.erent signal inth( iUtluti aini. a iunction (f the inten.sit% of the incident inl rr(,d 'nerg.y The wsiveform in the out-
pUt ,rni will have a microwave carrier 10 knmc is presentlV used) with ian virnvel.,p frerion,,v
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e-uia~i: t ttit radia iw,: oh-pjVing frequecay. !his signal is detected by a microwave crystal detector

.. , - I,,. aItrI IpluI C-. . tIgUrV G-D ShJWS a blOtck' 11LIgniM of a test sc:tuf fu~r thvis sybtemn.

~c c .cic.,. ~ i this type of systern are i,-nntediately apparent. The absenee of electrical

ouiitacts on rrhe semniconductof means a reduction ini L f noise connr.-ent. Allso the fact that no d-c

bia, ( rrcuit:rC is used mncures a large system bandwidth, limited only bv the lifetime of the charge

i:arrtcrs in the wri-ic~i-dmtor. tor senneunductors with ra!-r~er litetimpes of 1.0 secondff 'ýless,3 ~svstemn banckdthtu,It~u c i--i. at ei reaiizatile. This liaco syscern bandwidth can be put to good

advdaivage in infdrared, high-resolution, reconnaissance, and mappinp. qyst~yms.IThe primary disadvantages of systems of this type are their c onsidcrable bulk and the difficulty
in oqante rPsar y oryvgenic equipment for cooling the detector element. The bulk is mainly caused

1)i% th mirtvc puimp and the necessary microwave plumbing, When lor~g-wavelength detection Is

desired, semiconductor materials with small band gaps must be used, and they rr'rp~c coolmng to

d&creitse the number of thermally generated charge carrier:;. Cociiiig, however, cannot he accumnp-

l1Iwdi--ol when, the semnil oihiu tor is mounted in a oiaall, sensitive, ainwruwave cavity. At present,j

e:uohng in the prototype systems is acopihdby imesn oh aiisin an open takof liquid

Up o te resnt im ony glddapedgcrin-anlum and indium antynionide have been used as

detcto eimenz;.Noie euivlen poersofabout 5 x 10- 1 watt have been reported for Ge:Au.

Assuming that this measurement was corrected to one -cycle bandwidth, and using the infrared aper-

ture as the detector area, one obitains a value of

D-(500 0K, 900, 1) - 5xl10 8cm -cps I' 1.watt I

The typical photoconductive 9 - i Ge:Au detector available comniercially has a LD* (500 0 K, 900, 1) of
about 4 x 10 .This. indicates that the Gener.ilfraz B, ecu inispeen omi dw bu

faLtur Of b In D*tr the average Value. It should be pointed out, however, that no effrirt was made

t, &ihnh, vc tl,, pour absorption characteristic which is associated with impurity -activated germnan-I mum. In conventional detectors using Ge:Au, the sensitive elemnent is housed in a highly reflective3 hari mber -oo~~ ir-ri. mi~tr.), "-*'-_ ....ý,-_ Wi L-hiratrea photons through the i4,ement, thereby effec-

tively increasing the ah-rpticn-.

Further itxlw~ ,pnient 'if this detector should provide a valuable comtpunent to our infrared

i11.-.riISSanCe and scannine sv stirmt de5-ignern..
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6-3. 0PTTflAT,-QTTX4V!NG -- C!NT1:--ER

-.3.1. AMPLIFICATION BY STIM!T ATF D EMISSION. The advent ot the Maser has suggested to

mati, researchers the possibiiitv that a ýimilar amplification ci ev .r a detection process may be

applicable to inlrared radiatinn M!ser 'M;.crowave Aui;Pification by Stimulated Emission of Radia-

T•,nI q. i.- f.-ic p-2",.j , tpi is vr~ion of the population Gf electrons in different energy levels

of a niat riai. The inversion it performed by "pumping" energy into a material by shining radiation

of frequoeiy higher than the frequetnciy -A the radiation to be detectedi or amplified. Figure 6-6 shows

diagromat('callv three possibie e-,rgv leve!-s of n o,--oria•'• radiatio which nas ene.gy suffi-

cinit to cause transltic-na ir-vm jevel one to level three is shown o,- the material. This pumping action

Smifv h• a cri!cd by

i3 c 3 (6-9)1, 3
2

FIGURE 6-6;. POSSIBLE ENERGY
LEVELS

Th-n the elcctrons in level three make a transition to level two; the transition is accompanied by the

emission if low-energy quanta:

e3 - e2 *hf3 2 3,2 (6-10)

The system is then in a metastable state. When signal photons are incident, they cause the following

reaction

hf, , + e, -e 2hf o-ill
I i,Z

u'•- •l•- . Wit O ni e en made metastable by the pumping proceUa, the reaction would have been

hf, 2  el -2 (6-12)
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The difference is due to the fact that in the mctastable c -mdition there are too many electrons in state

tw) and tri.T f ý Si'ii wiake the transition.

One might think of the signal photon hf as a catalyst, performing the function of increasing the
1,2

probability of electron Trans!tions from state two to state one. For, without hf the final reaction
1, 2'

occurring with low probability would have been

I e�- - e, , hf

The new photon in Equation 6-11 must have the same phase as the catalyst photon.

These reacŽtions have been applied to microwave detection and amplification by considerir, g tht

energy levels available in different crystals and gases, and the competing or associated processesI which contribute to the noise of the system.

Bec ,wse the electrons of any material are sound to the nuclei or ion coress, they are -aIo subject

to interference from them. In a solid material this influence occurs by means of the electrostatic and
magnetic coupling between the lattice atoms, and the electronic system which holds the lattice atoms

together. In a gas, the interference is due to colhsions between gas atoms and between gas atoms and

the container wall. Since the Maser action depends upon the measurable increase in the stimulated

emission due to the catalyst photon, It is important t•a"t *he electron motions involved in transltlons

between energy levelq be qufficiently isolated ý'om Y he rest of the motions of the atomic system in

order to avoid the overpn.weirmg influence of the rest of the atomic system in inducing transitions.

The most successful Maser system, currently, makes use of the magnetic moment associated with

the electron spin and orbital momentum, because in some materials these motions are relatively

independent of the other crystalline and gas motions.

6.3.1.1. Bandpass. One of the disadvantages--and at the same time, advantages--of the Maser

is that it tends to be a narrowband device. It works on the basis of the absorption of photons by bound

electrons which change from one discrete energy state to wuother. The width of the spectral line

associated with the two energy states will determine the spectral width of the system. Further, if the

Maser is to be relatively noise free, the transitiotn which corresponds to the stimulated radiation

sh,!Id ht. is.lated from the. rest of the motions in the material

Although the Maser tends to he a narrowband device, there are theoretically no less than three

tcchn.qu•b axailiihi bv which the •pectral band may be broadened. By analogy to electric circoit

dn,;,,,;. thc ba.icaaly high-Q sywtem Can be loaded with losses, thereby cecreasing the effactive quality
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:actar. TwLo o in.our hign-Q resonant systems can be coupled tightl, to each other, causing Lhe rcsult-

ing resonant rvrvp tn he c ..sidcrabl; tr • a•e, than either of the original ones. There is, of course, a

limit to both of these techniques e.t which mases action will no longer be p-ossible. A third technique

otiiizes an ensemble of isoiated high-Q circuits which are not clos.ly coupled, but which are stagger

Stu-n: --d .ILijid- ol ,ieariy equal frequencies. The "woofer-tweeter" systems of audio systems are

coflnion examples of this -.,.oproach. The iffiesl i i,- uwAer oi Masers with response

at the frequencies;requi'red.

f-.3.1.2. Infrared Applications of the Maser Principle. It is preferable at this stage of the discus-

sion to discard the term Maser, and replace it with the term Iraser. The concepts are exactly the

same: radiation of frequency corresponciing to the 1-3 transition is shone on the detector material;I lectroiis miake a transition from leve! one to level three: then irom three to-two with the emission

of low-energy photons; and then from two to one as the signal radtation falls on the detector.. Of

course, f, c/,'* is n, w about 10 cps, and the energy difference hf, 2 is about 0.4 ev. The

pumping zpergy must be considerably greater than 0.4 ev, probably that obtained in the volble part

of the sp&ti-um. 4acordlngly, rather thin spin-moment energies, the levels associated imputh lmr-

ity levels and fluorescence in solids must be used. This ise-.actly wh;at has been done 4ai the case of

the ruby Laser, which radiates rather than detects radiation (L stands for light): the y'umping Ire-
q-ency is essentially tWat of green light' (aihough white-light sources are used for coiý /venlence), and

the emitted light is deep red, a wavelength of about 0.69 p.

G.3.1.3. Threshold Sigaal Limitations. The primary limit to the detectivity of any infrared

detector is the fluctuation in the arrival of signal photnn. Howe•cr, this is a -ih4racteristic ot the

radiation and not the detector. All detectors operate exactly alike when they are limited by this

photon noise. It is therefore important to investigate the limiting noise mechanism in the Iraser and

see how it vompsiresf in absolute value with photon noise. The limiting mechanism, neglecting contri-

butions from the circuit elements, is spontaneous emission. It is inherent in all quantum amplifiers

of the Maser type. Spontaneous eiissio,.n 1z a result of ei,,ctizi in ievel two making a transition to

level one when si.ndal protons are not incident on the detector.

Spontaneous emission has been discussed by Wpher (Refcrci.;cv 6-7) who derived an expression

for the equivalen. teniperature (Te) ol spontaneous eoIssinn noise. This temperature is defined as

212
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that positive temperature of a black background which emits noie equivalent io dhe spontaneous ermis-

sion. It is expressed as

11where K is the Boltzmann constint. F, .'encies up to about 10 cps (A = 0.5 mm). Te is less than

W214 o
2&• K, and 2t a frequency 4 x 10 (A = 0.8 A) Te becomes 18,000 K. It is apparent from this analysis

Ith?,t euiy"n'i" noise' teauveratures in the infrared region render the Traser impractical for infrared

5detection unless target temperatures are much higher than 18,0000 K.

it should hb pointed out, however, that Equation 6-13 was derived assilming that the number of

qitanta per radiation oscillator (N) followed Bose-Einstein statistics,

N

" tis re.iatonship holds for hf << kT. For wavelengths shorter than 10 M, hf > kT and Bose-

Einstein zt•atistics ,o not provide an accurate picture.

Schawlow and Tow.-nes (Reference 6-8) have shown that directional selection effectively decreases

the spontaneous emission. This is true since spontaneous emission radiates into an infinite distri-

hIltion of modes, while stimulated emission radiates into relatively few modes. This concept has been

applied only to Lasers and not to the i-frared-detection problem.

The conclusion is that infrared detectors employing the maser principle will suffer severely from

noise due to spontaneous emission. Should innovations render the Iraser practical, the engineer still

faces the problem of having an extremely narrowband device.

For further reference,.the reader should consult the works of Gelinas (Reference 6-7), Whlttke

(Reference 6-9), Schawlow and Townes (Reference 6-8), and Bluembergen (Reference 6-10). In addi-

tion, excellent bibliographies and reviews are contained in publications of the Trionics Corporation

(Reference 6-11) and the Jet Propulision Laboratory of the California Institute of Technology (Refer-

ence 6-12).

6.3.2. QUANTUM COUNTERS. Itis p uibie to construct quantum mechanical amplifiers without

six)ntaneous emission noise (References b-7 and 6-13). However, they are not Masers per se, since

the output is not a result of stimulated emission. They are essentially quantum counters. Figure 6-7

shows a typic4d energy.-level diagram for such a device. The separation between the ground state EI
i 213
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l +:3

Pump (hf) |

hf2 1 Irnfrar,•T ' 2

quantum__
• | E1

FIGT RE 6-7. ENERGY-LEVEL DIAGRAM FOR AN
INFRARED QUANTUM COUNTER

and lcvcl E2 is such that hfI2 > > kT. This is to insure that very few electruns are thermally ex-

cited from tliE 1level to E2. When no infrared photons are incident, no output will occur since . '

level E2 is unpopulated. When an infrared photon is absorbed it causes a transition from level one

to level two. The pumping frequency then produces a further trarnFition to the E3 level, rrovided the

pumping intensity produces transitions at a faster rate than the radiationless decay or than the spon-

taneous emission from ]eve; F2 buck to the ground state.

:.Spontaneous emission from level E 3 to E2 will lead to resonance, since on its decay from E3 to

E 2 , it may be repumped to E3 again. Thus several quanta hf3, 2 may be re-emitted for each incident

infrared quantum. The emitted radiation may be separated from the pumping flux by the use of polar-

ization or direction of propagation.

Device., sirniar to this one are being developed :t Harvard University, The Johns Hopkins Uni-

versity, and the University of Maryland.
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Appepdix A
TEST PROCEDURES

Sol Nudelman

The purpose of this appendix i Lu descri.e the experinierial test piogiam required to provide

the necessary descriptive and evaluative information for proper detector usage. The information

provided is extensive. It is the responsibility of the engineer to interpret propeii, and to use as

much of this information as is required for the design of his infrared system. Most of the experi-

mental detail supplied here is descriptive of the facilities and procedures established at the Naval

Ord-nance n'.-'rnr.torv. Corona (Referencs A-1), and Syracuse University (fReerence A-2). These

facilities harve been sponscxed by the services to provide up-to-date quantitative measurements nn
all types and kinds of photoisrectors, with the philosophy that experimental procedures underta~ken

and data pr'oviaeaqibe in the sph-tt of aL standards laboratory. The following experimental information

is required.

1. Optimum bias in the case of a photoconductive-type detector.

2. Noise spectrum.

3. Response to a blackbody, usually rpt at 5000K.

4. Spectral dependence in terms of

(a) Relative response

(b) Absolute response.

5. Time constant or frequency response.

6. Sensitivity contour.

From these data are nhtainP'1 the vari-= ftgres of mcrit listcd in Table A-i.

A.I DETERMINATION OF NEP
The -ircuitry used for measurement of noise and of signal response t- a hlackhody, and for the

determination of optimum bias, is shown in block form in Figure A-1. The important components of

...... -..... -.ar t. .... a ur, jL zpiiiier, Lid a wideband harmonic analyze-. The

source is a blackbody emitter, with precision temperature controls. A standard condition used to-
I0

day in test procedures is to make mea.ui ements with. a blackbody set at a temperature of 500°K.

U TThe source is mechamcally modulated by a disc-type chopper. Generally, this chopper is arranged
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TABLE A-i1 FIGURES OF MERIT

Figure of DefiLni tion Units
Merit

NEI HVNV Noise equivalent input (watts/cm2)

NEP = P NFP HVN A/VS Noise equivalent power (watts)

1,TE P .7 )1/2
ns = A 1/ Jones's (watts/cm)

DD NE P The detectivity normalized to unit, ,
Cp area and unit bandwidth (cm. cpst wtt

S/ \2
S I S ~~~~VS •rC + r L Se9l estiytr,2$1 ~~ 4 S1 =r- -4cL Spcfcsniiiy{m!watt)

Chopper

and Pre-Amp
Match L Ampldfie!-

cuIto Micro-I I voite Wave] voeI Inucton Analyzer

|i

FI;URE A-!. AT'cK nLAUA.M OF fib'iTEM' TO MIASURE NEP
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; .- :.ds t.- p-!vAd radiation modulated at ,iW. cps and 9E0 cps. This chopped r.4diation n

a -iý- r I .n" A" ir.til t 1-- I -I!itd tn [tIe dt .ec!trI" system, am;tilied. and measured

with the harmonic wave analyzer. The wave analyzer is also used to determine the noise lwvel by ,hb-

i 'td':in when the aetecrtor is shielded from the chopped radiatin

The signal and noise for a photoconductive detector are determined as a function of bias voltz;,.

The hLias current )s varied, with signal and noise voltage determined for different valuýs of the cur-

ient. For most detectors chopping irequency in this case is rot sianifin, ant.. .i a th,•, •a.. du,

Schange appreciably with modulating frequency. Figure A-, shows a Lypicai bias graph with plots

1.4..

6 -- " -r- - ---- • .0- -6

J) . ........ •....... •......... t.......... €....... ;........................... >•

I

S1.2

57

Ci L 0. 8 I

Z_ 2 40.

I3I~ CLPENT p amere0cf) 7-I1 F1GtT~~ A 2 D'TERM~uA TO OFC1I1'i

2 2181: .x Noie 0ISignal
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oi nw-nal and noise. 'o s , "••ss bpi -irr T.is gr-ph ts typial ut tihos supplied by the Naval Ord-

nance 1abnrat~ry, in wlhich the radiation at 1 from a helium source is used for 'he signal mea-

sýuremnent. The optimum bias point is determined from this graph and used in all subsequnp mea-

A,- 21ureinpnf". •.,cal' cii , uiiry oi the cell bias and match box shown in Figure A-1 is drawvn scheuiat-

ic.clly t iFigwie A-3. .'wo sets of input leadc -ire Ehcn. ltow r ie detector to the match box. One set

is used for photoconductive detectors where bias currents are needed and the other for noh -current-

carrying photovoltaic and PEM dlj'tectors. Photovoltaic- and PEM-type cells are usually tested by

-,',LuLtjjtg htn lltu lhp n" lifpi-...cr t.i•hi•h a transformer. This ib because they have been low

impedance devices. ai particular, indium antimonide and indium arsenide are typical of such detec-I toi's. It is desirable to ,,Qe a traunsfDr-mei whose impedance can be varied. This is important to

insure that the equivalent noise input resistance of the preamplifier be transformed to an impSadance

lower than the impedance of the detector being tested. Another advantage of satisfying noise consi-J derations is that maxinum power can be transferred.

A Photoconductive
, i Test Leads

Bias I
Switch Load Polarity

Resistors L 0 Reversing
1Bi~as Switch

jMeter I - t~ m  F~: Tu

Battery tit RMSI ~ ~~Resistor -Mer

u of Band

Micro Impedance) (Variable

Svolter Freq)

[ I Calibration
Gener- ResistorI I ator j

_ PhCt'0V'•taiL; TeISt

Leads

n-It iIE A-i. TEST CIUCUITRY FOR INFRARED DiETECTORS
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The simplest kvid of circuitry associated with the phitocondoctive detector is shown in Figure

A-4W aad consists simply of a bias batterv stn'.,y iýj zerics U.h-tLc phutocunducive detector and

a toad resistor. Thp RIn.l is tahcn off t,,, luad resistor anri fed through a capacitor to a preampli-

fier. rh- v .tagc a:.ru s the ),Jiu resistor is given by

rL

V V (A-i)
SL rL -rC

The change in vol -across the load resistor produced by the action of radiation is attained by

differentiating this equation with respect to the resistance of the cell. Then it follows that

-'.V r L r C Ar C(A 2

r= v • r ( - -

(a) (b)

I --

" ~T

FIGURE A-4. PHOTOCONDUCTIVE DETECTOR CIRCUTS

The 6ugnal voltage VS i. symmetrical with respect to the load resistor and to the cell or detec-

tor resistanc. so that the same signal voltage can be picked off the photoconductor or the load resis-

tor. When the load resistance is much larger than the detector resistance, a constant bias current

condition prevails. Maximum signal voltage is obtained when the load resistance equals the detector

resistance. while extended irequency response is obtained for small values vf !cad ri-viLAice. nils

latter requirement usually appears when high-resistance fast detectors are dealt with. In this situa-

'imu capacitive effects become imtnortamt, and, in order to match the response time capability of the

detector, it is necessary to use a small load resibtur, resulting in reduced signal amplitude but flat
frequency response over a wider frequency raiige.
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response time capability of the detector, it is necessary to use a small 'load resisoe-, resuiting

n: r'-dý:zcd 5ignal Anipiitude but flat frequepcy response over a wider Irequency range.

A modification ot this simple ciruit is shown in FigureA-4(b). It involves placing a d-c load

resis;tor in series with the detector and an a-c load resistor across the detector through a coupling

capacdnr. The ouTput is fed to the preAmpiifier from the a-c load resistor. The effect of this type

of circuitryis to permit varying the load resistor to the preamplifier without influencing the biasina

current l the photoconductive detector. This is important in attaining the optimum bias current.

One wou~d like to retain this condition and vyt have the flexibility of varying the load resistor to the

preamplifier for an independent control on frequency response.

In making any noise-limited measurements, it is important that the preamplifier noise be less

than the detector noise. There are two types of noise to consider with respect to the preamplif-

ier: (1). an effective series noise; (2), an effective parallel noise.

The series noise is experimentally determined by shorting the input to the preamplifier and

noting the signal voltage at its output. The parallel noise is determined by opening the circuit input

and recording the noise level. Then, starting with large resistances, a sequence of resistances of
decreasing value is placed acrosq the input to the preamplifier and the output noise is noted. These

resistances are then reduced to a point where a change in the noise output from the open circuit

condition of the preamp is recorded. Detector resistanve is then maintained below this value. The
resistance of the detector must provide a nois3e greater tban t.e c,,n u* .. ..

is equivalent to the resistance of the detector, being larger than the series resistance of the preampli-
fier, but less than the shunt resistance. This condition is a sensible one. If two resistors are placed
in series, the effective noise is the sum of the noise fromn the two resistors. If one is much larger

than the other, then its noise predominates. When two 'esistors are placed in parallel, the effective

resistance is that of the smaller resistance, and correspondingly the dominant noise is that which is

associated with the smaller resistor. Therefore, the shunt resistances that may be incorporated in

the preamplifier input, together with any other shunt resistance across the detector, must always be

larger than the detector resistance. This requirement becomes difficult when one is forced to deal

mibh very high ýn•pedance detectors, usually significantly higher than 15 or 20megohms. Otherwise

the problem of shunt noise is not seriuus, and one usually finds that the series noise requires the

rmost r;i,.,•n

The primary pu:pose of measuring signal and noise voltages with the equipment of Figure A-1

i, deý!trminC the photodeztector noise equivalen power. This power can be duteriniied if the

221



Imrithte of Science and Teclnology The University of Michigan

-iii•V ,t- rhe ,lackbodv falling on the detector is kinown. To calculate this value,

.t is necessary to st•rt with the Stefan-Boltzmiann law given by

W - 4 (T - 04) (A-3)

hnere W = radiant emittance, or radiant power per unit area emitted from a suriace, T and T are

too ý,:IoIule temperatures of the radiating body aid h;g].pirn.- rpctiv-iy, - i- .he emnssivity, and

-a is the Stefan-Boltzmann constant. The power density H from a source of radiance N at a distance

x to the detertnr is the detcctor irradiance

A A
P = N .= .. _ (A-4)

A A2

where A is the buurce area, N is the radiant flux emitted by the source per unit area per unit solid
s

angle and Is equal to w/.. For a circular source aperture of diametcr D, 1he power density is

H = 2 w A (A-5)

and therefore NEP is given by

NA D V1  (A-SNLP =HAd= ' _ý

N V S/ N ~4 (

The gain of the circuitry used to determine NEP is checked with an oscillator and a microvolter

connected to the input of the preamplifier. The noise bandwidth of the system is determined by meas-

uring the Johnson noise generated in a wire-wound resistance as

Af = e 24kTr (A-7)

where k is the Bc~ltzmann constant, T is the absolute temperature, and r is the resistance. Thp ig-

a t ai-o io oi a detector at a given bias current is generally independeni of the load resistance.

fim wcvr, a,ý huon by Equation A-2, the signal voltage, and correspondingly the noise voltage, are

i IUIIthl,'. 0i1 thc l,,ad resistuo. Since different applictions may require different load resistors, a

I 1|'a
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h.t.nZ ef detector si _ni. and noise measurements must include the value of the load resistance used

.... aking ithe measurements.

A.?. TIME CONSTAN.. T

A knowledge of a detector's speed of response is of great importance to the system designer. In

conjunction with noise spectra, it tells him at what frequencies he may operate the detector and

still retain a suffi;Cipnf cig'n! fo lh. pcaep .f- H!ay also tnen select the frequency which will

optimizP the signal-to-nuise ratio for hits system's performance. Speed of response Information

is usually provided in one of two forms. They are (1), a plot of response versus frequency from
whwch a detector time constant cat) he estimated, and (2), the photodecay characteristic after removal
of a photoexcitation source. Irdormation of type (1) is generally obtained by amplitude modulation of

rad:atia from an infrared source irradiating tWe detector and varying the frequency of modulation,

while type (2) is obtained by observing the signal wave shape of the photodetector response to peri-

odic- , of i7,ht. Systems for making measurements to provide the two types of information are

described below.

A.2.1. FREQUENCY RESPONSE. Thls measurement is usually made with a metallic-disc light

choiper. The disc is ringed with slits spaced symmetrically so that the separation distance between

slits equals a slit's width.

The modulation frequency is given by the spinning rate of the disc multiplied by the number of

SIlls in the disc. The higher the frequency of mood, lation required, the higher the spinning rate,

and/ or the greater the number of slits cut in the disc. Increasing the number of slits results In

slits of dlecreasing width (for any one size disc), until eventually an optical system is required to

iniage down the infrared source onto the slit. The radiation passing through the slits is then focused

unto the detector. For low-frequency operation, sinusoidal modulation can be obtained by proper

Sselection of thp ohnn.• onoing (Rference A-3).

Corona determines the frequency response by using a variable-speed chopper, giving a frequency

range of 100 to 40,000 cps. Radiation from a Nernst glower is sinusoidally modulated by the chopper

and is usually filtered by a selenium-coated germanium window. The signal from the detector is

measured by putting the output of a cathode follower and a preamplifier into the y--vxi5 !'-put cf a.

o.;cifloscope. An incandescent tungsten source is simultaneously modulated by the chopper and

activates a photomultiplier whose signal is fed into a preamplifier and a tachoineter; the latter's out-

lit, li,,r ,lrtlofai to frequency and ib put on the X-axis of the oscilloscope. The oscilloscope display
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is photographed as the chopper slows down from its maximum speed.. Syracuse University, using a

wheel cut w~trh 14100 oircular holes spinniing at a rate of 10,000 rpm, obtains a mRaximum -chopping

frt;ciuejcv of 24001)0-it nc. Thia eqiiipuient usesi a giow bar as the light sorurce and axt As lenr

,ftwuq !he socurcc .cnto the slit. Yor photodetectors whose response can be described by

-q (A-8)
2

!his hirzh-frequency chopping rate permnit -i an evaluation of time constants as short as 0.5 weec.

Typical frequency response data reported from NOLC are shown in Figure A-5.
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Infrared Emittwig
/ So urce & Slit

(<K>

Collimating
Mirror

Infrared
Detector

FIGURE A-7. SPINNING MIRROR SYSTEM FOR
PERIODIC LIGHT-PULSE GENERATION IN THE

MILLIMICAUSECOND TIME DOMAIN

and the f' -t part ol the pulse.

S=6 -21D (A- 10)Cl 2Nw•--X

where N is the number of faces on the rotating mirror and X Its distance from the image. By using

a multisided spinning mirror to obtain high tangential velocities, it is possible to substantially reduce

the radial dsLjiulc frm the spinni'eg mirror to the detector over that required in Figure A-6. Using

miIo-r optics for collimating the light source permits any infrared emitter to be used. With a 0.5-mra

detector, a spinning nourrul rotation rate of 10,000 rpm, X - I meter, and N = 6, rise times of 30

m;_sec are readily available. Using a turbine-drive motor system to spin the mirror, rotating speeds

- as high as 3000 rps can be obtained so that pulse rise and decay times of less than I mpsec become

"readily nnpcihIo ,

Often in pursuing a research and development program on detectors, it is necessary !o observe

I in detail the wave shape nf the ph tnrPoinnse to a light puaIc. Th'ne ojb.,,rvations often have to be
m made in the noise-limited condition. Examples of such cases are: (1) the examination of fractional
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n!1cr-,s-uon si'uyia. ,runi hilh iropCdance igenerators such a- gAoli-Joped germanium. The measure-

mO.-t tct hiiique here requires the a-c loadingz of the detector (scc rig-.*6i- A-4b) witth a low enough

resistance tn flr-i'de fla r~in c ý)poo jer thý bpeetrumr of interest. (2) The exaannatinn

11,01r)ii ow-'mpedance generators such as the InSb detector. This

measuremient is difficult because th.- -oise ievei nf a wideband preamplifier is higher than, that ot

the detector. JF he reprociuction of low- level signials caused by low-level radiation snurces. T hisI 'ithe caseý ior wave leninh -denenriwrntm"

3 A device has been developed with makes measurement in these cases readily possible. The

device applies a sampling technique and integration (or averaleinp) tn the dire-ct measuremnjit ol the

shape of periodic noise imnited wavelorms. Thi- may be compared to the ustial coherent detector

whicii can be used to measure the amplituds, of fixed-frequency sine waves. In both cases the response

time and bandwidth are determined by a simple RC integrator and the bandwidth narrowed at the ex-I pencse of recording tinie. The operation of the wave-qhape recorder can be described with reference

toFigujre A-8. The ziignal zd~eaiape 1isperiodic, triggered In the samne manner that would be re-

quired for goodl high-speed osci Iloggraphic reproduction, while the noise is random in nature. The
interval at represents an on-time of an ellecta uni c switch, during which the signal and noise voltage1
is fed directly into an integrator. By sampling successive intervals aaxd averaging, it is possible to

reduce the iioise-voltage fluctuation nbserved at the integrator output without affecting the signalI.level. Qjuantitatively, the noise-voltage fliictutiatons are reduced by I/ fN, , where N is the number of

observations made during an average measurement. The signal-to-noise voltage ratio Is then improved

hu th Square root tn' N. if At is mnade small compared to the signal transient time and is slowly and

uiiiformly retarded in time with respect to signal onset, an accurate ý,hart record off tho- signal -wave

shape may te prnduced (.Reference A-5).

The circuit "or the device is shown in Figure A_-, and is siratlar to the box-car circuit used in
radar. Its rormponents include a driven blocking; oscillator activated by positive trigger pulses, an

electronic switch, an iiitegrator, a cathode follower and a recorder. The driven blocking oscillator

provides a pulse to close the electronic switch. The switch connects the input of the integrator to

the signal Plus not Re voltage occurring duiiiig at. During the off-time, the capacitor of the integrator

will maintain its potential until the nE't~ on-t:ri= '.ca a ivw bignai pius noise level is sampled. To

avoid siýýnal attenuation, the output of the integrator is connected to a cathode follower and no coitjiu-j
uous d-c current is allowed to floev. Sincc the purpose? is to, permit oneraflon with slignal-to-noice

~o~lcbs man unity, long integration times are required which are compatible with chart recorders.
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TIGUTRE A-9. SCHEMATYC OF WAVE-SHAPE RECORDER

wavefus ii will be produced. Using the Garbuny spinning m-cirror, noi se- reduction improrenient by a

factor of 300, with 50-rn sec light pulses has been achieved (Reference A-5).

Meaureent ofthewavlenth epedene o inrard potoetetor ar geera~ymade with

an xl)-r metalsetp sch s tat llutraed n Fgur A-11.Themeaureentis adewith a con-

stat nuxgvirrditwj a te dtetorbymontoingth otpu fom heexi sit f hemonochromator

-16 a hei-njcouie hroghot te sectal ang olmeaureent Ths mv stm ikea strange

prcdr osdrn httepI;oeetrsdsrbdhr r htncutr ah~ than energy
detectors. However, to make the measurement at constant photon dpnisitie-s requirit-s a referencp

photodetector flat in response over an extended infrared wavelength region. Such detectors are nut
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Detector

rM Free
RunningILight F

L Signal

Tinie Blocking Electronic and RcreIDula * Oscillator SwthCathode Rcre
Trigger Flae

FIGURE A- 10. BLOCK DIAGRAM OF WAVE-SHAPE RECORDER

yet avrstlabie. Thermocouples, however, are flat over the wavelength region of interest here, and

therefore are readilv anolirnhip to thi- tieInc of measuremnent. fhe result of this procedure is to oh-

tami wavelvoc.th-depencieit curves that irc- sawtoothed in appearance rather than flat topped. This is

expected, as explained in Section 3.4. Two monochromators are in normal use at Corona; one, a

Leiss double monochromator, has CaF.. prisms, giving a range from 0.6 to 8ju, and the other, a

Pcrkin-Elnicr modcl 988, hass Na-CI prisrns, givin rag ronm 2 to 15gh.

U ~The ýijei gy flux iron, iiw exit slit is kept at a constant value over that portion of the Spectrum

us-ih otparingr the flux at each wavelength with the thermopile or- thermocouple response. This
comparisrri atrrangemenot can be acconiplished within the niujiocliroinAtr or with an external arrange-

ment. As the wavelength output is changed, the energy falling on the thermocouple is raised or low-
ered to an arbitrary value byv opening or closing the entrace slit of the monochromator, with the

middle and exýit Slits uIsully1I remainin;g fixed. Once this level is set, the energy flux is alloyed to

!al t~h detector anld the response is thea obtained. A typical relative response curve from Corona

is shwn ;n Fipire A- 12. ,;ej erally, the ChoppingII rate of the livht input to the nionochrornator is 10
to 13 cps, compatible with ter pn caceiscsoththerocule Howevce-~ u jb
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FIGU!IIU A-11 BLOCK DIAGRAM OF SYSTEM TO MEASLRE DETECTOR RESPONSE

photodetectors show considerable improvement of NEP at higher chopping rates, it is advantageous

when possible to modulate the spectral radiation at frequencies in-ithe order of a few hundred cycles

pur second. At Syracuse, the chopper is operated at 208 cps, and the detector signal is measured

by feeding it through a filter of 30 cps bandwidth tuned to 208 cps, a preamplifier, and a vacuum-tube

voltmeter. At the low chonpina frequency, the detector si6nal is fed directly into the amplifying syl.-

tern of the monnchromator.

Alono with the measured relative spectral response curve, it is important that the detector user

I, pr,,vidtd with an absulutc calibration un-ffvctl. y s• t••.t Uie ••,eirai dependencies ol

iihinres n.f mri-t, such as NEI, NEP, and D*, can be readily derived. The information available from

the mt:isurcmcnts ,f NEP and relative spectral response, anC thc thcoretical law, 1 blackbdy spec-

I t iibuiijo are sufcieit to providethe absolute calibration.
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Thp noise equivalent power is defined by

\VP -(A-il)
V61 VN YT

V.
where P =H-A, - -.. is the ryspojisivity Of the detector to a blackbody (usually set at 5000 K),

ajnd P i6 the radiation r--,,• ! tc z

Since this is a blackbody rreasurempnt; the reSponsivity is determined in an absolute manner, and

reprvR-- •,, a,t.ti Ake value taken over the spectral range of sensitivity of the photodetector. In Fig-

ure A-13, thp averaged abso'ute value of the responsivity is shown (C), together with the blackbody

spectral radiation curve (A), and a plot of the relative spectral photoresponse of the detector (B). It

is clear that one can provide an absolute scale corresponding to curve C, but it still has to be deter-

mined where curve B should be placed with respect to this scale. When curve B is properly placed

I I __ ___ 500O

D 0

I I ______ I 1 I I |

2/• 4 5 7 8 9 l! 11 12 13 14 151i6 17 18 1920
Xj WAVLSLENGTH (x.) MICRONS

I!

I ri.ut AGI .\-I. w)Tt:u•IIx.\FI;N .vAIS'F.-scL& u. s1'ECTRAI. I{FSP-(•N/
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corre:,4'nding it' an aosolute calhbration, the product

"V~ AP\ ,~

where ya,.x., is tie absolute response and APNt is the power in the bandwidth &a. centered at Ai,

A -m...ed .%vr the wavelength of detector spectrai sensitivity, equals the signal voltage obtained in

the NEP measurement, and therefore also the averaged absolute responsivity curve C.

The quantity needed tor calibration :s the absolute value of the spectraL response d ,termined, at

the "peak' ot curve B. To arri"e at this value, assume that another (unknown) photodetector response

curve (D) Is flat (a black detpetnr). and ,-q thrnvgh th- pe.k of our phot, curve B. The

rat;1- of the signal voitages generated by these txo dliferetnt detectors is given by

V r P ArAi -r YrlA PA Axi: = - r i 0 i i " = 0 i i iA 1 2

VBB i 3 0 1. P~ Ai AA I BBt A. , , AA 1
0 A A1 1 i•0 i

If one normalizes, taking y :I Ii=1

1=0 i I(A-l3)

i=0 1
-I0

=0A
T..- .. roinator is sizrply the l4Ja'oudy radiation enei 6; failing on the black photodetector of unit

response, while the numerator provides a smaller number representing the signal voltage derived
fr-omm our photodetector. Obviously the numerator is smaller than the denominator, and 4 represents

an effectiveness lactor indicating how close thp average response of B comes to that of the black

detector D.

The ab•,lute vahue of the avei aird snriptral res,nw',- C 's< nEt,'d a q.uantitv rl.t... .

in in 'JI NEP nieaureniunt. Tnerciore an absolute determination of the peak spectral response can now

be obtained by dividing the 7'esomnsivit; value from the NEP measuremcnt by the effectiveness factor.

'" .... i -" ' is ,t 'cdu 1 I de a' t '•t ,ite ]Ipectral dependence for the other fitgures of merit.
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To MLkullatE Lt-i ecfeilivenezs!. factor, the expression for ! s s1nplified to

__________A (-14)

H1 A AX

." A 'A .d, H' A im ih radiant Dower per unit wavelength at the wavelength A, for the black-
body used in the mea'.urement (here taken at 500 0 K). However, a correction to the expression for ~
must 17- -onsidered. In practice the experiment performed to determine NEP lzý,vlves using chopped

radiation from q. 500 K blackbody source. Howcver, the chopper generally is a black inechanico-l

spinning disc whose temperature is about 300()k (room temperature). Therefore the a-c signal re-

sponse is actually the result of the detector's looking al~ernately at 500.K. and 300 0K sources, and

not simply at a 5000 K soLurce against a backgr.ound of absoluite zero. The detector is then actuaily

atIsunsile to the shaded portion of the radiý-it poxer, shown lit Figure A-14. The effectiveness factor

C.)

40 5000 K Blackbody

30

El 20 K

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 .20

AWAVELENGTH (A) MICRONS

I1:GL RKI. A-l4. BILACKB.OD~Y SPE.CTRAL IA13IANT ENITrANCE
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r
sh,,uld then more oronerly be expressed as

S' 500• 300°

I H H 30"i0 Ai A i r i ki I
A ./ r. 1(A-15)

500.. -. 300.
I lLA - 0. .~A. A

i=0 ' i=0

The denominator is determined from the Stefan-Boltzmann law (see Equation A-3)

T
4  

4T0

where a_ is the Stefan-Boltzmann constant, and T and T are 500 K and 300 K, respectively. The

quantity H is therefore the power exposure responsible for the detector signal response, and is a

constaLt. The "power fraction" given by

(H 500°0 H 300)

11

r~A.

where HAt •A is the radiant power within the bandwidth AA. at the center wavelength A4 , can

now be used in the determination of f, since

•0
S= E h.1 rX

i=0 1 1 1

The power fraction may be calculated at different wavelengths, either by the use of a radiation slide

rule or the tables of A. N. Lowan and G. Blanch (Reference A-6). A table can then be prejared to

evaluate 4, as shown by Table A-2.

Once the effectiveness factor is calculated, the peak value of NEP or D* can readily be computed,

since

NEA,peak BB

D (500 0
BB )D* A ,pe~ak-

as show-,. in TablI A-2.
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TABLE A-2. EVALUATION OF D*X,,X peak
1/2 -

r•- P"ps -watt

". --r 1': K, SOu08k.;

factol (iK (Energy Fraction x Relative Response) - 20

Wavelength Ewio,g, .,-,it Rý14tile Response Energy Fraction = K
Interval (500 0 K Dlackbody) (Mid-InOtrval) x ,Relative Response)

(0,) Relative Response

1-1.5 7 x 10- 6  20 .7 x 1010

1.5-2.0 3.7 x 10-4 32 1.1 x 100

2.0-2.5 0.0032 44 0.1 1.5 x10N

2.5-3.0 .012 55 0.. 1.9 x 1010

3.u-6.5 U24 66 1.6 2.3 x 0010

36,5-4.0 .038 04 3.2 2.9 x 1010

4.0-4.5 .050 90 4.5 3.1 x 1010

4.5-5.0 .058 80 4.6 2.8 x 1010

5.0-5.5 .062 455 3.4 1.5 x 1010

5.5-6.0 .063 30 1.9 1.1 x 1010

6.0-6.5 .061

6.5-7.0 .058

7.0-7.5 .054

'7.5-8.0 .050

8.0-8.5 .045

8.5-9.0 .041

9.0-9.5 .037

9.5-W0. .033

10.0-10.5 .029

10.5-11.0 .027/

11-12 .045

12-13 .035

13-14 .029

!14-15 .022

S15-,2 .019
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TABLE A-2. i Continued)

It% t-iiLtP L-r- .Atjn n-Rlahiv- R. ,oýn.e Energy Fraction D* = K

tnt1,,-. (500"K Rlackhodv) 1.Mid-Interval) x (.lelatlve ne-ýpunlse)
,Relative Response

lu-- 7 ,Vie

IP

18-19 ,011

IL0I-20

20-22 .015

22-24 .0091

S24-elt) .0072

28-30 .00291

SSum: 20.0

A.4 NOISE F.-'ECTRUM

The noibe-vultage spectrum is obtained with the system described in Section A.1. However, the

light .ource is removed, and the noise voltage is obtained by simply reading the voltage at the wave

analyzer. A typical plot ut noise spectrum is shown in Figure A-15.

A.5 SENSITIVITY CONTOURS

If a microscopic spot of light is projected onto the surface of a photodetector, and Ithe photore-

p•cn. recordcd aa a func.•,,n of the ý1)A'- p-ubiion, it is found that the ptiotoresponse iteneraliy

changes with the spot's position. The surface of the detector is thus rarely Uniform in its photore-

sponse. The film detectors ( lead compound family) are the worst offenders in this regard. If a graph

of pliotorespom, e versus ligit-spot posa.ton is niadc, and points of equzl phutoresponse are linkedSucethehr, the resultant piot provides a "senSitvitv contuwr," illustrated by Figure A-16 for a PbSe

d .t tar ,

The experlImental arrangement at Corona to obtain sensitivity contours uses a microtable which

all...x, the ccll te, be moved a small measured amount. The table is linked thro,,jh a system of g.ar!

i.t a plhtin• tah!e which gives up to a 36/ 1 increase in the scale. The exciting radiation is from an
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1 2 ..... . .. _ ____-_

> TT 1

~ 0

100 ,I n I . . i-.L
10I 10 2103 104I FREQIUEN("Y (cps)

FIGURE A-.1. DETECTOR NOISE lPECTRUMI

I Incandescent tungsten bulb chopped at 90 cps and is passed in reverse through a microscope so that

a spot 0.066 mm in diameter I- focused 01-to the detector. As the detector is moved beneath this

equal - ints of --........ , arp then drown to -•t lin a plot gm'k aE i F 1i-, A '-. Th: "-I technique is also important for ins uuility in fuindamental research programs on detector materials,

I.
whereit i w~e in tudie uý iffu ion -eng -,-.ti-e---!-- , and .... .i-ity-b (R fre c A 7

asoiatenddwith thengstecto duopes not utiiz the full passea. Alrveso, throyg ar importantp in dteriigan

averaged evaluation of the surface area 1 nr substitution in the expressin g for D* .

I A.6 GENERAL COMMENTS
A sum!imation of data necessary to evaluate a detector is shown in Figure A-17, which consists of

a typical data sheet from an NOLC report. Notice that the data for blackbody and spectral response

-ire followed ny sets of three numbers in parentheses, These numbers represent quantitins which have

ContoHL urs o tcome stansatris ire , ating intrared detectors. The notation D er500, 9h, 1) under black-

udv rcsponse mean-, that the test blackhody was operated at 500 0 K, the radiation from the blackbody

avr, amplitude enadluated oit a frequency of 90 cps, and the bandwidth (f the evaluation was normalized

bto I cpd y or f A 0, 1 under spctral response, refers to the wavelesoeadii at which detector
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Evacuating 7-
Tip

607 1-b4i 80-go0

U40 4I5 0 5 0 -5 0 40 -50

3 20030

10-20 2-002

II _

0.1 cm1-0

AM Direction

I ~FTGnTRB A-16. DETECTOR SENSfTIVITY CONTOUR
j response is a niaajmum,.while the other numbers mean the same as above. The quantities H~ and

jP rN eftit to detector noise equivalent irradiance and NkEP, respectively.

A quanilty denoted as "Jones' S" appears in the table and merits discussion. The term was sug-II ~gested liv R. C. Jones (Reference A-8) early in the development of infrared photoconducting dettuctors.

I ~ ~Refer to Equation 4-52. separating out the factors of frequency- bandwidth, And area: it fku.sthat

I ih, 'letectivity in the cxccss!-nt.ýisp limited case is pr-oportional to the square root of the frequency,
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CELL SENSITIVITY CONDI'fUN: OF M.ASUHt;MIN*i'

5U.#0 K bl-,ckbod, Chooppng freouencv (cos) 90
response

Randwidth (cps, 5
:i. (watts cos' 2.cr,

2 3

S500. 90. 1) 4.5 x 10-9 ta'ii y (14.7
(soo, ,:

Cell telper-ture (.-
PN (watts""o" c 2 )

(500, 90, 1) 1.0 x 10-I0 Dark resistance
(500, , 1) (ohms) 5.2 x 106

Jones S (watts/cm) Dynamic resistance
(500, 90, 1) 6.5 x 10-9 (oh,•. ..
(500, . 1)

Load resistance

DI (cm- cps
1

/ 2
/watt) (ohms) 5.5 x 106

(500, 90, 1) 1.5 x 109
(500, , 1) Transformer

Spectral peak . p) 1.5 Cell current (Mi amps) 1.5

Rpsponse at spectral Cell noise (g volts) 47
peak

1 ,c Blackbody flux density
N (watts, cps I cm2) (gi watts/cm', rms) ?.7

(,90, 1) 4.1 x 10-11
(A., , 1). . .

PN (watts, cps 1'
2

(A, 90, 1) 9.4 x 10-3

(A. , I) ...

CELL DESCRIPTTON
Jwnes S (wdttia/cm

(A, 90, 1) 5.8 x 10-11 Type: Ge (AuSb doped)
(A, , 1). . .

(cm - 12, Angular field of view- approx. 1100

A, 90. i) 1.0 ' 1.01 Wiidowu; bduphire
(A, , 1). . .

Method of prepara(tion: crystal
Effective time
constant (A see) 8.1 x 102 Area (cm

2
): 2.25 x 10-2

DATA . . . .. . . ?C-17...

PHILCO CORP., CELL, NO. 1207

FIGLIIE A-17. A TYPICAl DATA SHEE"
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.-r, ~i, p tct:-L2 tlh ;,quare ro-jL ol tlde product of area and bandwidth. It foilows that the

T.ones -f D*

r-,. ti'itly ndepcnden, 2 f tho frcqu;cnc; Df a ojasuiernent and therefore useful !or evaluating intrin-

" CL tVc1ivty., ine deveiopment o, infrared detectors, however, has advanced to t state where i/f

,i. 1.miitationb have b:oen reduced to the point whifre this concept is no lontrer useful. It is incnr-

rectiy used when applied to any of the other types of noise limitations. Jones has recommended that

.At"co'q ho h •.-crntinued"as a means of ratin, detectors. This probably will happen in the near future.

Finally, as a generally useful report, which covers much of infrared detection technology, see

Reference 9.
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12.. MEZA.:0.1, ' EN; BU NRRD NTUE1

William '.. Wolfe and JV-hn Duncan

B3. 1. INTRODUICTION

A a;y if mbiu ltrumviit applications require large-aperture, high-!speed. o~ptical systemns. The
straightforward approach to this problem is careful design and painstaking manufacture of precious

surfaces-which often must be aspheric. b3ut the straightforward technique has engineering lImita-

tions, e.g., maximum obtainable size of refractive elements, and stress and temperature problems

with Vury large reflectors. The requir-mcat for volumie ald w'eight reduction imposed by space atp-

plications is also anl influential far'tor. Accor)!di!gly, optical H-,ign~ers have cunme upon the .dca of

using small field lenses in contact with detectors. These lenses provide an enrineering advantage

over larger optical systems--- and provide an additional advantage when used in an already large,

high-speed system. The usual arrangement has been a hemispherical button which provides a galii

proportional to the refractive index (Reference 11- 1). One of the authors of this appendix (W. W.) sug-

gested some time ago that some improvement might bje obtained by the use of the aplariatic surface of

a hemnisphere. More recently, it hass beeii shown that the g-Ain for the aplanatic case 'is proportional

to n squared.' This appenidix prtcsent:a a nmore thorough uivebtigAtioii of thle problemn.

There are t''o general cases for which the gain should be calculated: (1) sources which are small

compared to the entrarice xitidoA -f the optival system, and (2) sources which ace large compared to

or about the same size as the entrance window. It also is irnportant Wo speciify whether- tile gain ;s ob-

I tained by changinge the position of the detcetor assenibly in thle optical system (keeping the detector
size constant) or by cha iging the det-ector size, keeping the porition fixed. Finally, the gain will de-*1 Pend upon the configuration of the lens itself. Only the hemisphere and apianatic hype rhe inisphere

I 'ire considered here.

IThis result; was obtained by Eric W-ormser and John Stroniz and indicated in a private corn-
mnufication.
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The inc!iusioi of ali these parameters in the nalysis requires consideration of eight cases.

These cases are listed below:

1. Point Source

A. Conqtu.ii-Area Detector

1. Apianatic lens

'2. Hemispherical lens

cJI-�I~a-o�f-t onitil Dletector

1. Aplanatic lens

2. Hemispherical lens

Ni. Extendcd ,Slurce

A. Ccnstant-Area Detector

1. Aplanatic lens

2. Hemispherical lens

B. Constant-Position Detector

1. Aplanatlc lens

2. Hemispherical lens

B. 2. DEFINITION OF CAIN

Since infrared, immersion, optical systems are the sole subject of this paper, the gain can be

defined as the ratio of the outpur isf mut inirared detector which is immersed to the o(ttput .. an unim-

rnersed detector.. TI-P iieful output of a detecLor may be specified as the signal-to-noise ratio S1 N

generated .y a -al'e inpt powcr P. This can be written in terms of the detectivity D:

S1 N = PD

Thus the ga w (3 r is

iS/i'P'D'

=

.where prin&c. indicatt, quantities describing the immersed system. The gain is equal to the ratio of theI product of the uiident power and the detectivity for the two cases. It has been bhown that the aetec-

Liuviiy ol a detector is inversely proportional to the square root of its area (Reference B-2). Thus,I1 G : P-\---•

GP A'
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B,3. POINT-SOURCE CASES

If the object to be viewed is a radiating point source, and if reflection losses are ignored, the

P".a- received by aij im,,rseir detector Is the saint as the pow r re-eived by an unir'ninersed detec-

tor. Then die gain is

P' P TA FA-G = E X 'Z

If thp detector area is not changed (Cases IAI and IA2), there is no gain. If the immersion lens is

used so that the area of the detector can be decreased, the gain will equal the ratio of the square roots
of the detector areas. For the aplantic lens (Ct-e 113) thia ratio is n , or

2

This rclaticnarhip can be obtained through Whe following cornslderationa (Figure B-i). A spherical
lens of refractive index n and radius r is placed in air (of refractive index 1). Then two hypothetical

sphpres are constructed concentric with the spherical lens, one with radius nr, one with radius r/n.

The lens then has the property that all rays which would have intersected the outer sphere at B (e.g.,

AB) now intersect the inner sphere at C. Furthermiore, the image is aplanatic --- it nas no spherical

or comatic aberration. The properties of such a sphere are further described in the literature

(References 13-3 tj !3-5)- It io (-.sy to gtee that i- chordz, are good approximations to arcs the ratio of

the linear dirnensicns of the images of the optical system is given by CE/B.'O. Further, the triangles
S• DE C a n d D B F F a r e 61 u tl W -; th u s :

CE DC r/n 1-6F = 5FB--in- ý-2
n

2 

4

The linear dimensions of the detectors have the ratio i:n the areas have the ratio 1:n . So the
J gain is

I l:Ffr thOe hemisphcrical case with constant area (Case •A2) there is no gain, as noted above ior

I Cares L.. .f th area is cihanged (Case 1BZ), the magnification expressions for a single spherical

surface can be used. The result is
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/ /B C A'
£ 1/

FIGURE B-1. APLANATIC SPHERE

BA.4. EXTENDED-SOURCE CASES

Next, the extended-source cases may be considered. For an extended source, the radiance

divided by the square of the refractive index is constant. Thus

G P N'A'w'D' ,,'_ 2.k A
PD NAwD W A I

where- i l-h -,,'lid angle of the optical system. For constant area (Cases IIAl and 1IA2), the gain

is proportional to the ratio of the solid angles of acceptance and n2. These angles can be determined

a.• hdllows: Olw ingle e. is the area of the principal optical element divided by the focal length squared.

When the immersion lerts is introduced, the angle v' is the area of the image of the principal optical

'clfn'-,. f•:-iiLd ;- t',, i,,s,,koii lens aivided py the distance of the image from the focal plane. Con-

sider Figure B-2. The image of the optical element h is h', The object and image distances are o and

I, rcsXUi~v( lv. Then from two expressions for magnification it is possible to write

h" r

S•, : .,oh. 2 , \ 2 / f ,2
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w ...... r, d" r . ÷ . Thu~s, . ... H.,• IAI,

.2

; nf ;

The problem then is to determine d. Reter to Figure B-3. The equation of the edge ray is

h

S' ../ k'x, y

f h

FII.I B-2. SOI.1I•-ANGLE GE(NMETRY FIGURE B-3. IMMERSION-LENS GEOMETRY

where h ', the semidiameter of the principal optical element and I is its focal length. The equaticn

for the immersion lenis is

S2 
2 2ix - d),y = r

Other relationships can bc obtained from the geonmetry, an explicit cquaticn for d might be derived,

but it would not be very useful because of its comliexity. However, one can also assume reasonable

values fur i, h, r, ji, and d, and -ulve for the detector height f . These calculations require: (1)

simultaneous solution of the two vquatmons above for specific valucs of f, h, r, n, and d; (2) determin-
-o '' •t. - -1 F(sin .)•a on al 6 - tan ' 3' determinatiun of o - f: 4) calculation f ' sin -i --

d -x :
and calculation of C - a': and 5) calculation ? C v( - d) tan u. Th'e.!c .pitatio.; canl
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i.'•, �,� oe grap-ucai:o. Thn results of thl. graphwcal computation, are shown in Figure B 1.

-;g-rc •13-4 ;s a graph of de~ecLur heighi as a function ot position of the immersion lens for an li
'0•5 Lvc , i, bu. ZU tht •ul ha,;_i ikngie is &ZU. All values of the parameters have

. £4L[LUj .A Lhii tlinierbon jells.

0.8

1.8 1.6 1.4 1.2 1.0 0.8 0.6 0.4 0.2 0
s/r

FIGURE S-4. DETECTOR HEIGHT VS. DISTANCE

FROM ORIGINAL FOCAL POINT

The graphical computations were obtained In thc following way. From Figure B-3 it can be
S�AIn thmt

r

ai.0sin (a

rsin 0 '

Cos

The second useful relation Is SnelI'b law for a material ot refractive index n in air. This is

sin 0' s 6
n

These two equations can be solved simultaneously to obtain f as a function of 6 for given n and 0

,i.e., ,-)). Thi solution for 0 - 300 and n 4 is plotted in Figure B-5. The .o.rd' it-e" i;.c ournialized

I to the radius ot the immersion lens. The equation of the edge ray is

v v=-x tan 0 +h

which can be usi 6 to find the position for the lens in the system. The x coordinate of the intersection
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I0. t

u.4.

"]~ I II T l/

0.. ,_ 1

o L

-rr I I 6 , hI I

0.53 _: ' _

I 0 *2 t tan

"f30 4) 50 60 70 80 90

I FWUtRE B-5. NORMALIZED DE•TECTOR HEIGHT VS.

I of the ray with the lens is - i

x it n A8

11 d is the distance froiji the entrance aperture to the back surface of the immersion lens,
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I- o.1 OF-- .. .. _- _ - - '

* > i i

+1 , i i
,1.6r - 4 1 ,

-1.8: 6 t! -t-ii•T -- l

+2,01 I0 4 0 50 60 70 1,0 90

F'GLrRE' B -. DISTANCE OF DETECTOR SURFACE FROM
ORIGINAL FOCAL PLANF VS. ANGLE d

IF'iizure B-5 shnws the relationship of ( and 6 f,:r given n and A. Figui-e B-6 shows sir as a

function of ,. Thus C "r and s/ r can be related by use of the two curves, and gains can be calculated.

The graph can no-,w -,- ,- l ,) obtain th- rc:-oults fur Cases IIA1 and IIA2.

If the position of the lens in the optica! ýystern is kcpt cun6tant (Ctbes 11131 and I1B2), o + r or

io i a will be equal to 1, and v ,. Then

1r 
G =n 2.a

F'," m , Ill-m.il~ttc cat,,:, tile !g•n izz 1: *!r the hemispherical e, me gain is n. This case also

r-1 11lLt' ii i•,n a requirement to keep .

I
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fl. �i* LIMITATIONS

*n the gains derived above no losses by reficetiozi 01 absorption were included. A loss factor K

may be introdoced�

= (1 - p)e�

where p is tJ�e intensity reflection coeificient, a is the absi�rpfion coefficient, and x is the geometrical

I � �-.- *ierao''" i"� on the leas will prol'�hiv not be ireiderit at an angle of more

-j than 40 it is reasonable to approximate p by thc Fresed e�piesson for narmal incidence,

- � 2
in -,-i)

Thue,I K (n 1)
In most cases, the reflection � can � . � � O�' �uaUiigS. iii regions o� no aDsorp-I
Lion, K may have values of 0.9 to 1.0.I There, is a limitation in the use of ai� i�nmersion lens In very fast optical systems. As tile speed
and toerelore the solid angle is increased, tne marginal rays strike the woe-detector surlace at more

oblir�ue an�t!c�. As the refractive index of the lens compared to that of the detector becomes larger,

the critical aug� also increases, and the size of the tondle which can be accepted by the lens-deter-

tar combination decreases.
Thus it cm be seen that the desirable optical propertIes of �u Immersion lebs are low absorption

and high rIrativv index. However, if the refractive index of the lens is largrr ibso Lhat of the deter-

Ir. thn speed of the optical sy�tciii will eventually be aliected. Finally, reflection losses should be
cmsidcred .iiid reduccO as much as possible. In this connection, the refledion kss at the curved
front 'oirfare of the immersion lciis may be considerably less than the loss at the flat surface of an

unimmersed detector in a h;gn-speed optical system.'I I' APPLICATIONS

-. ,oouco tii�. appendix �s not concerned with properties of thermistor detectors, it i-s uselol to

rEtw tie ,haractcr�stics ot iniiiiersed thermistors to illustrate the results obtained by the method.

Mn't '0 tin fIlowinc discussion is based on an excellent revww of thermistorc "" Dcwanrd I
* \\orniser. Reference 13-1 1.

j
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r.........~~'' ,l: cj a, tjiic leni, material ýV th~rou,-,1 'Lic infrrd t

'ic-icai conductivity oi germanium pievents direct immersion of the thermistor

i!;1Jj'J'Artion ýouli; lut inipairea. -uch, immersion.- wou~cd ctnerwise oe vee-y

desirable. Geimanium has the desirable high index of refraction and the thermistor material matches

it r ,-Onmih1i -r11. Tho '-' ,:icaj aagle becomes large and t~he reflection losse5 at tMe Uiel jiui'ýoi--

U germanium interface small. Thp qlectrical properties; in this case, however, are overriding. Thus,

Scu<.u alioji i.ý t,i . ,., Po1VCtii" lene. Mylar, and other plastics were useci untit selenium was determined

!obe a 4_upo:rwr mi~allrial. Thc -;clcnium used -was arnandjiinivrphiu~s Isei-Mum, also called

sceleniumi tlas.. It itot only pot~sesses superior optical properties -- better transmission, even in thinI. averz;,-t.d higher refractive ii-,dex-but it is also superior mechanxicaliv in a number of ways.

It should Luc mentioned that in the design of immersed thermistors, specific heat and thermal cori-

ductivitV play an1 inuo'rtant role in the choice of lens and film material. This is because the lens is

&Ibo ubid as t lAe'.L sinik. With photoconductive detectors these considerations do not apply.

Tiic Jlarics Erginc erimig Comipaniy has matte bonic tests to comipare the periurmAnze 01 immersed

systems to those which did not have immersion lenses. The experimental results for hemispheres

approached those predicted theoretically.

Subbtituted fur unimmnerseui boiluieters in Barnes 4-in. OptiTherm Radiometers,
thebe immersed detectors have exhlblte' -lose to theor'tically predfrted lberfor-
mance. Immersed and unimmersed bolometers with Identical fields of view and
idciitical timie constAnts com parpt. in thi. rntinmptpr qvqtm'm showed the immersed
dlt~t-ct'r tt)i" been better than 3 times the detectivity (signal/noise) of high qua-
litV ( Lpper-M~vlar. Tvpe Dl, Figure -1-3) unimmersed units. (Reference B-1, page

Further. Fiigvrc 13-7 illustr~a!os the com~arison of field of view for the immersed and unimmersed

If. thfa v.I:t - .4 r( nI niouui luns with a selenium film separator, a iield oi view approaching the

iiit-oictical limit V.aS -5taint-. Thc -ritical angle is 0

EýC=si-1 2.. = 38.5

=1 2520,
prcIt,ý-L Mt stlUIUan usha cnrlt-hcns

1i'(rIca~lad#t h ln ufc.an h hritrdtco ý,tme nopae

_____a____f____, i vpoae ot h dtcort roieinuaio o teZpo-lc

ba ( nw.I
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Trhcoretiý'al Fkdýd of !View
Immerspd 0-5 x 0.5--mill Thermistor --- n

10 kngular Mils

/Field of View/ 0.5 x 0.5-mm
P Thermistor

alhughLined bsitci sthell andvial o~eah~-n manyoth ehnqe icsedfril Elecricalinsulamtion Immarsignifcn

problem, but thermial contact is no longer important. For most photoconductive detectors the field-of-

viwlimitations inip.,,ed by critical angle considerations no longer apply. Tile Jc~ector material has a

h ighrdex il rvfraý:'on, than Owc -mmer~ic~a material, ann no separator is necessary.

The F';t.tni:i, rcprtc z ý' - ma k iS................ur

nilllllýld atth lb. nt-ltr If . lihere ol beleaunei glass iliciecrnce D-6). (Apparently the gla!-s ia Uicir

.!rýsenic-ir -dified selenium glass with an index of refraction of about 2.5 at about 2 A. Thus. Wnce they

u~e a hemisphere, a theoretical area gain of about 6.25 can be expected.)I The ra-tmian Ko--dak Comipomay ha:i also tried germanium as an Immersion material ( ReferenceSit-7). iElcctricall shunting problems arise as with thermistors. Silicon rmi-noxilde has Lueen usrd as

Al an insulaitlltPI l but.ht smnall holeb in the film have caused shorting problemis. They have also; .r.ed

St 'iotioM titanate, titanium dioxide, and NBS experimei:ýal glass F-234 for immersion.I The immnersed detectors currpntly made by the Eastman Kodak Company are lead sulfide deaus-

ited onto strontium titasnate lenses. The theoretical area gain in this case is almost 2.3, the value of

the refrmntixti index annundi 2.;,. infeared Industries and the Electronic Corporation of America bothI

report that they havo hee,, --- csful n nt f'n.v 'm~.c.-r...Ph, c ,;-, SrTI LýL 4Lu tocoing the

t;:ud ~ro.e temperatures-
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I is ot c*-urce pouits out the additional characteristic which is desirable in materials for immer-

stion ienses. xramylv for quantum detectors: the thermal expansion of the lens should match that of the

deteo•rtr. h linear coefficient ui the theii'nxi expansion oi lead sulzide is about twice that of qtrn-

Stiumn Ututatc. ý1k pbS - 18 X 10-a Jj4 edfe _centigrade, k SrTiO3 = '.4 1 10- per degree centigrade).
.. ..p -,,-..... . p-•i .............. . the cumuination is cooled by approx-

imately ou C, although mne iead sulfide fIl1m could spread out some, The combination is probably

more sta.-bl when 2he thermal conductiv:jty of the lens matches that of the detector. One approach

might be the use o1 barium titanate, which has an expansion coefficient of 16 x 10-6 per degree

centigeade in the temperatur, range considered and a high dielectric constant. Its refractive index

Sis about the same as SrTiO3  -2.40),
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Appeoljix C
COIOLING DEVICES for INFRARED DUPECTEMO

A Pewi R. Barker asid Wikiam L. Brown
C.l. INTRODUCTION

The )perating temperatures of present-day infrared detectors range from 1.20K if) the case of

impurity activated indiumi anti'"d to 300oK tor the lead saits. The proper temperature for a given,I ~detector is deter mined by noting the temperature dependence of the optical and photoelectric proper-

t ies. .and choosing t'iat tc-mperature whichi provides the best results for the system of interest. The

important characteristics which depend upon temperature are detectivity, tilimP nnnstant, spectral

rP,;pnitre, arc! jesiStance. In some cases detectivity may be optimized by coohoag with liftie or no
sacrifice in tlmc. constant, resistance, or spectral response. .Examples of this are high-impedlance
indiumi antmionide and indium arsenide, where cooling to 1930K provijes optimum detectivity with

little change in the tither characteristics. On the other hand, the characteristics of lead sulfide are

strongly dependenit on temlPerAture. Cooling causes a shift ii- Iong- vavelen th threshold toward

loi~ger wavelengths, in contrast to the shift toward shorter wavelengths which is characteristic of

most other .iaei iais. however, the recombination time increases with decreasing temperaturei

as does the resistance. The effects of temperature variation for lead sulfide (reference 1) are shown

in Figu.res C- I and C-2. Figure C- I shows the variation of spectral response with temperature, and

Figure C-2 prestents the derenclencc of detectivity upon chvpping frequency, with the temperaturc and

corresponding time constant as parameters. The detector element which require., cooling is usually

mounted in a vacuium flask, called a dewar, into which a cooling head mjay be placed. The flask is

doubly -walled, with the detector mounted on the inner wall and an infrared-transinitting window In-

p.ratcd i~to uuiy er wait, in situations where it ib impractical to place the coioling head close

to thle detector, a iiighty con~ductive material (e.g., a ruby rod) is used as the heal,-transm itting mei-

jurp beto'!,ffn tht- detector Riod th r-inl'- hca.V1

Seve-ral Methods arc available for cooling an inirared detectour to the required temperature and

nai I taintiocL that tem perature during the desired 6Iierating time. The cooling devices derived fromI
these metfl~s arr nf f--a' 'or-0i-contact coolers, (2) Joule-Thomson cryostats,
(3) expansion engines, and (4) .. iermoelectric coolers. The first three of these are considered in

diAl [ :, lit, okxi secillms. luibowAed by a brief discussion if thermoelectric coolers and other mnothi'd.

n) c. tl ivc.vt itl C.6 presentbs ane inferniaton ron c mmc-oerl mw~ius uf yl s

2L5AI



lnst~tute of S'-ienrý ond Technology T he University of Mic higon

£0ILA
0/0

4L84 sec

'1770K 960
£10A_1 _8

102

0 1 2 3 4 5IWAVELENGTH (W FREQUENCY (cps)
FIGUijF C-1.SETA EPN! FPSFc* c-c'& 2. vYAw.RrI0N OF 'IFTECTIV1TY AT1DTr O lTTTRS SPECTRAL PEAK WITH CHOPPING FREQUENCY

FOR PbS. Af -' 1 cps; A = I cri.,I 0C.2. DIRECT- CONTACT COOLERS
The simplest technique for cooling infrared detectors Is one in which the detector is in direct

thermial contact with a supply of liquid coolant (e.g., nitrogen). A great variety of such direct-contact

coolers is available, in widely varying sizes, for low-temperature applications. Nearly every major

producer of infrared cooking devices makes i~t least one type of direct-contact cooler for infrared-

detector applications.

Often the direct-contact cooler consists mereiy of an unpressurized supply of liquid in the detector

d~war, but the systerns vary up to types rpquiring pressure re-laos in-salnipd supplu ine~s, heeding

Plrpiamni£ nr.';A-i,-.I_ cLu!v i aids prsuic tanks. One of the more basic systems will be

described first. since the simpler cooling devices are merely truncations of the basic apparatu~s

-which transf~Cr liquid 'canlant 'rn~am low-pressure supply tank to the cooling head by means of a

pressurized chamber (Figure C-3). The physical operation of the system is as follows. The supply

%tcpenis, allojwing~ liquid tu flow froin the supply tank. into the pressurized chamber. As soon as
it predeatermined level is reached, the supply vaivc cs.Cý5C_; s tu i1 uu. uii. The nedilCIJ is controlled by a prassure sensor which is set to maintain a flow of liquid into the cooling head at a

* rate sufficient to replenish the liquid which boils off. Gas formed from heat exchange with the ap-

paiatub fio~.s tliroui~h the return line and out the vent vort. Any excess liquidi flows hack toi tn supply

I tank through the r eturn line. As soon as the liquid level in the pressurized chamber falls below a
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7- 'ýCoolir'g Head
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Pressurized Chamber 0.--.j

Heater

Retu~rn Line -

FIGURE C-3. BASIC DIRECT-CONTACT COOLING SYSTEM

certaini levelc, the level sensor shuts the heater off and opens the supply valve, admitting more liquid

It s vidnttha t'pabove ~yste~r may be simplified without seriously limiting its performance

as aenoiogdevce.Thepressurized chamber, supply vaive, aiid return Line may be removed and

th etrpae nthe supply tank (Figure C-4). This modified system isi the mnost :a-m~mon, dlrae4-

conactcooin deiceonthe market. The main problemn encountered is the waste of liquid by over-

Thesi-plet ssttrriof li:nay he obtained by further eliintioiiitu of the supply tank, heater.
anduppy heleaving only tecooling head. A liniiied supply of coolant inay then be poured into

thedewr ad colig %ll roceduntil the liquid is completely evaporated. %uCh a system is quiteItsatr o lbrtr sg and has been developed by somie companies for use in field appli-

A diect(-tiactliqtld-ef tjt) clr has been described (Reference C-3, page 332) in which
ten ~ ~ ~~. peau-)es hn42K have been maintained for relatively long pprin~ic ýf Th~e sysielo

1£ie t silns rmtefc that the saturation temperature of a suhstani-i decreases as ,is
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FIGURE C-4. MUDI)IEiL) IREC r'-CONTACT CooLING SYSTEM
Ii

preP;surc decreases (Fiu.rc C-8). Liquid helium-, at atmospheric pressure and 4.2
0

K, is delivered

through a "flash-evaporation" valve into a region of const.nt low pressure where part of the liquid

evaporates, cooiing the rest to the low-pressure saturation temperature. The temperature is con-

tr,,1,'I,,, regulatinn of the low pressure. The major limitation of the system is the size of vacuum

pump , equireid to matintain the low pressure. Ten mw uf cooling at a temperature of 1.25'K were

obtained with a 10 cuLic-ft, ininute va'cium pump which maintained the pressure at 1 mm of mercury.

C.3. THIF JOULE-THOMSON EFFECT

One of the morc common methods for cooling infrared detectors employs a device known its a

cry' ,iadt, il" Ishicii 4 high-pressure gas is caused to flow through a tube and expand to low pressure"thrý-ug . .. ., .he eni of the tube (Figure C-5). Cooling accompanies the expansion due to a

pvcnomenean Lk,,w, ab the Joule- rhomson (or Joulc- c•ivin) effect. Thc efi•ce:ncy o. the devic. .r

incrcased by allowing heat exchange between the cooled outgoing gas and the warm incoming gas.

C-3.1. TtHERMODYNAMICS OF THE JOULE-TROMSON EXPANSION. The classic experiment

.hichen rcxeiiiififs the Joule-Thomnson uffuct was irbt performned by William Thomson and James Joule

:h'ut 100 varq anvn. The Pxperiniont utilized a porous plug, made of cotton, embedded in a beechwood

Pipe (rssei'tialy ai an 'sulatx,) w, ?rovide an adiabatic transition from a region of constant high pres-

z-ur.. oui uo.e bidv uv the plug to a region 01 constant low peessue-u t li-he other side. The porous plug

.r., uacd i:sbttad ( i a ýmail orifict Lt caube It wab co.nsidc- ed desirable to hat,. a smuoth. uniform

flow i '; v , h,,k -plr,'.-.surt.- rct. ou. ,o that tht,"-0 t- n an,'d qua,,tities would be well defined.
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:.P 4

In• I q4•,~a W A

... dT•ugi Gas /

. Cooling Region Porous Plug

FIGIRP C-5. JOULE-THiO1SON COOLER FIGURE C-6. JOULE-THOMSON POROUS-PLUG 4

EXPERIMENTI The porous-plug expcriment tray be represented by the system shown in Figure C-6. After a

stcady-state temperature distribution is reached in the system, Lhere is no heat transfer along the

=r-s Ntream. The gas in v and v may be considered as one mole of gas observed before and after

passing through the plug.

As thc gas flows thFrough the plug, the force p1 A acts through a distance vI/A and the force p2 A

at ts through a distance v2 /A. (See Section C.8 for definitions of symbila.) The total work Is there-

fore

fdw ý PI'V - P2 v 2

There is no heat transfer along the gas stream nor through the pipe, and thus

The :'itg in kinetic and potential energy is netligible, and so the tirst law of thernbdynamics re-

due to

I'II il; i
Therefore,

I .- u = -(o 2I i u2 -(P i v2)

The enthalpy is defined as
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-- ," ; OthIe ftr6E-iawrelation as

"• I • I u *P 2 v ,9

it '~n b, seen that the P.rc',-LS-pi-og experimpm is a eonstant-.rnthcsnl Ci! ipip -s.
ANi - Lt!-i Vto inve*stigate the Joule-Thomson effect from an analytical thermodynamic view-

point. This may aulte easily be donp. Th. fnllnhit ------ .... .o.. . o.
any kras:

dh =T ds+ v dp

ds (6s2T) dT + (s/OP)Tcdp

p.. -

(PsiPT)p = TI (iq/ýT) c T

(alp) -O pa' p

Combir-ing these for dh -0,

ODTI~p)h =, Ic ~ va) V

The .u a -yTp h 's •iled "he "Joule-Thomson coefficient" of the gas. The tesnperature

change in a Joulc-Thomson expanaion is given by

aT = f (T/ap)hdp

p1.

vanThe nattre of the tcmpera-wre change during a Joule-Thomson expansion can be studied usingvan der Waals' gas equation (Reference C-4, page 55)

(P * itv-2 )(v - b) = HT
where a is a constant which relates to the cohesive forces between the molecules, b is a constant

S, acco,•,t fuz iise finite volumes Ol the molee,•les, arid R is the gas constant. Neglecting second-S~order ter:li.•is a t iid h,

/p\ -If 2a b
* 2a0

,h-
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va c WJi& equation, F/dV'p). > U. wi',- T h =Int ian I~et.!i roesa hc

(61.' ep)h V Is kn,.vn at the "inver-fif," point."

i., ; > n

when T < (2a/bP). The point in an isenthainic process at which (2T/2p). = 0 is known :-a "in-

S veasion point."

I 1 M;,uid be empnasized that van dpr Waals equauton does not represent the properties of an

actual gas well enough to permit an exact analysis of the Joule-Thomson effect. An example clearly

illustrates this p•'nt. Careful measurements by Roebuck and Osterburg (Reference C-5, page 251)

using nitrogen gas at atmospheric pressure between 93 0 K and 3730 K yielded the emp!rical formula

....... h -0.0020 (39/T)2 K/psi

whereas, with values of a and b from Reference C-6, vqn Aer Waals' equation gives

1(T/dP)h = -0.0092 + 8.0/T °K/psl

The same analysis which describes the porous-plug experiment holds for "throttling" through a

valve or an orifice, as in a cryostat, since the assumptions of no heat transfer and no change in kinetic

and potential energy still apply. In general, it may be said that the temperature change of a real gas

under conditions of coistant enthutipy Jaiepnds upon the initial and final pressures and the initial tem-

perature of thi T gn.._ i trvc tcmperature change associated with a given set of inlet and

outlet conditions may be determined from curves showins temrerahure as a function of pressure at

constant enthalpy, as in Figure C-7.

+ -- Maximum Inversion Temperature

I "--Inversion Curve

ST(:trHE C 7. lSF;T1AV P•'26
INVERSION CURVE FOR A GAS

S~261
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sin 'i ~x~'~u~thyuu-.!h an nnI.' nuz a grasdual process (i.e., is not

- j~ Wit !t:!A1`ZLPic Curve Ls iiot the graph o1 the expansion process, but rather represents

the rutvus. oi aii equlianrtum stattes of the gas at a certain enthalpy. ifence, -.khen flit inlet cudit~ons

corresriond to a p.Jint vo a certain isenthaipic curve, the outlet conditions will fall on the same,_ iseri-

thaipic curve, but nuthiniz can be said about the -interrm-ciiate states" of the nrnhrens.

4A method of obtaining an isentbaiptc curve for a gas is to al!nv; th t-sue-e jhe tj dr-

- crcaae in soliall steps thioueii a buries of throttling valves and measura the temperatures and pres-

sures at each step. The points corresponding to the measured value s of temperature and pressure
on ie on, the iscathalpic curve, which reaches a maxilljuin L. its inversion point. By using several dif-

farent Initial temperatures and pressures, whole families of isentkaLpic curves may he obtained.

The locus of all the inversion points is tne Ditversion curve for the gas. For any Initial condition

(p1 . T I) falling to thle left -,f the inversion curve, cooling will accompany expansion to (p 2 ' T 2 ) at
some point along the l~enthiapi'- curve. if the gas ;s in~itially to the right of the inversion curve, the
temperature change could be positive or negative, or there might be nio change at all.

If the gas is initially above the maximuin inversion temperature (Fligure C-7), it will'always

heat up in an isezithlhpic expansion. An example is compressed helium gas at 200 atmospheres anti

at room temnpraturc, which is sufficiently above the maximum inversion temperature to cause a

rise of 120 K upon expansi. to the atmosphere.

Condensatton WW'II occur when the outlet temperature and pre~ssure fall on the saturation curve of

the gats, as at point V In Figure C-8. Note that the !senthalplc ~ curve doesiu cross the saturation

curve, but rath-ýa 1.b- along it ior some distance before finally risng above it again. If the outL~e.,

conditions cu.-respond to point C in Figure C-8, re-evaporation will overcome condensation and no

I C.J.s. JOULE-THOMSON COOLERS. The Jou le-Thomson cooler is probably the most common

of all tnfrared cooling devices. A few of its more important features will be discussed here.

I The cryostat, as the Joule-Thomson cooler is usually called, is made from a length of finned

tubing, coiled around a mandrel, with an orifice at the exit end of the tube (Figure C-5). A high-
pressure gas enters the tube at :1 mAeratu"e hr'--,ý -;isvrs temperature. it passes

throuigh ~he tube and expands at the orifice, cooling by virtue of the Joule-Thomson effect. The gas,ItnuE coolcid, passes back over the finned tubing, cooling the incoming gas. The process is carried
.................. 11iAuid bugins to emnanate from the orifice. The temperature of the cooled gas
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is then constant, since the liquid-gas combination is a saturation stat~e of the gas (e.g., point B, Fig-.

ure C-i.Thi - temperature is the boiling p'oint of the gas at the exit prqsinure (atmospheric pressure

in the case of conventional cryostats).

T'he finned tubing muiA have a very small inside diameter in order to give a large ratio of sur-

face-area to volume and thus to provide efficient heat exchange. This narrow passageway is subject
~1 to clogging, since the extdre.nely low temperature of the tubing causes any impurities in the gas to

free'e on the surface. F.-,- this reason, it :s imnportaiit that extremely high-purity gas be used in the

cryostat and that this cryostat itself be kept free from contamination while it is not In use.

A method of obtaining high-purity gas witb little teclm.ological effort is to use a tank of liquifted

gao. as the supply, eince a-1Y Luntaminant which might freeze on the tube surface is automatically

"frozen out" in the tank. A heater may be used in thi- alipply tank to gcnerate the Wg-i at the required,

inlet pressure, which is typically above 1200 psi. One problem encountered with this type Lf supply

is evapocration of the liquid during standby. However, a liquid supply is much simpler than compressed
gas supplies in that it requires no elaborate filtering apparatus, and the supply tank. is at. a relatively

low pressure anid occupies mnuch less space than a compressed gas supply with a comparable mass of

coolant.

eration fin long periods of time (Reference C-3, page 324, and Reference C-7). T'o accomplish alsdlo rott aebe aewihrccete~i re opoiecniuu p

CU1i1lLmIiOULYi operatingr.cycle of this type, the expanded gas must be pressurized by a noncomitaminating
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compressor. Such a compressor may b- huti with a diaphragm (Rieference C-3, page 317) or witt a

nonlubricated piston (Reference C-8, page i91)..

When a gas -- a-.iowed to e.xpand and do work without exchanging heat with its surroundings, its

internal energy is decreased by the amount. ul the wurk, and hence "z oemarature drops (aýs can be

ahnwn hv the firat 12w of tharmnevnsmtemia." Am a rami-It nf th wn,-1 %f Init 1of.-a- , _'A

157) and Kapitza (Reference C-8, page 189), it became practical to liquefy helium by the use -,f ex-

pansion engines. (Helium is the most difficult gas to liquefy because it has the lowest satura',on

temperature of any gas and because it has a very small Joule-ThomPon coefficient.) The expansion

processes developed somewhat independeoitly by Collinh and Kapit;W'used counter-flow heat exchangers

to provide cooling of the helium previous to its use In the expansion engine. Kirk and Stirling later

jfatioduced a reciprocating-flow thermal regenerator (discussed below) which was developed and re-

fin•d by the Philips Company (R•..r..ce C.., page 1.05&r use in an air liquefler. The regenerator

offers, among other advantages, some mechanical simplifications over counter-flow heat exchangers.

A miniaturized device designed specifically for the purpose of cooling smaii regions to extremely

............... .rur:- was developed in the late 1950's by MeMahnn. and fllffn-4, ttIltzI-g R .as operating

within a closed loop (Reference C-3, page 368). This device consists of a very short stroke piston, a

thermal regenriat.,. azid a compressor, with a pair of Intake and exhaust valves. A schematic dia-

gram of the system kppear. in Figure C-9.

Some descriptive comments about the components of this system can provide a background for

understanding its operation. The piston is utilized as a means of causing the gas to do wort and thus

lose internal energy. The piston has seaiing rings at the top, and appreciable clearance is provided

between its sides and the cylinder wall to avoid heat transfer during the cyclical motion of the piston.

Both the cylinder and pisior. are made of poor heat conductors in order to prevent the longitudinal

flow of heat in the engine.

The regenerator is a heat exchanger made of a stack of fine-wire screens enclosed in a casing.

The gas. flows through the screens, which are made of a metal of high thermal capacity, exchanging
heat during the process. Since the flow of gas is completely turbulent in the regenerator, the heat

heat exchangers (a factor of prime importance in the performance of the engine).

Tho valves are operated from the same crosshead which controls the motion of the piston. The

gas flows through the exhaust valve Otto a compressor in which it is compressed by roughly a factor

26E•
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FIGURE C-9. SCHEMATIC DIAGRAM OF GIFFOflD-McMAHON EXPANS1O:,

ENUMI

of 5. The gas then flows back through the intake valve into the engine, thus completing the closed

loop.

The cycle tirough which the engine goes is ess~ntially the Stirling cycle, and may be described

as follows.

(a) The .,:,ke valve opens. Thc piston is at bottom dead center as high-pressure gas enters,

pressurizing the regenerator and the connective tubing (Figure C-10).

(I) The intake valve cioses. The pistohi statts to recede and tho amu ,-'•erpe_. =,i1:_._1ti; t:--

pnusion, doing work and thus decreasing in internal energy (Figure C-lOb).

(c) The piston completes its stroxe. Upw, cumpletion of the piston stroke, the exhaust valve

opens and the gas expands to a low pressure. As the cooled gas passes through the re-

"generator, it removes heat from the screens, causing a temperature drop in the regenerator

(Fiwure C-10c).
(d) The piston returns to bottom dead center. The remainder of the cooled, expanded gas I0

forced thr',Ugh th rzgE•,tvi A.ur ana out the exhaust valve (Figure C- 10d). Az the gas r:e-

peatedly undergoes the cycle, the regenerato,: is pro-ressively cooled until thie work done

hy the gas exactly equals the heat flow into the system, at which point temperature ek.•,'b
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1",01THI,: C .it. ENUIN1E: CYCLE. (a) First phase. (b) Second phase. (c) Third phase. (d) Fourth phase.

The developers of this engine point out that the system has two h "Ic sources of inefficiency.

The first is the "dead-air space" in the regenerator. Due to the fiiiLrt volume of the regenerator,I ome ol the gas is ort .hacasted at thc e~id of thE cycle. This is not a great problem, however,

since th.,m 'mams of unrecvai;-d gas is small because it is at a low pressure. The second source of

inefficiency is the Iongitudinal flow of heat in the cylinder, piston, and regenerator. Due to the large

temperature gradient from the top to the bottom of the system, there is inevitably some heat flow

despite the fact that the parts are constructed from poor conductors of heat. The high efficiency of

the regenerator tends to compensate somewhat for the heat flow through the system.

AI ,lihmtng factor in expansion-engine devices is the material from which the regunernato. is

Ilhl"rt'tet. The heat capacities of most solids fall off considerably at low temperatures (Reference

245)I 1, r 1d, -jt Z-! 61 t ,c 14 561fti .f L i.~t aaaCaj~ J re - ac a L Lla !. theC gaoa l S rtZanl 'LAiliia

t~ht'• .~c-abu temperature. Materials such as aluminum, zinc, brass, and i.rornze have noG

I
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*s,,nfficant hcett -'tpacitv beior-v, 35 0 K, whereas lead is able to store fair amounts of heat dc~wn to ap-

proxim~atel~y 14(K. Since the maxim~um inversion temperature of hehtum gas is 23.60 K. a-n exnans-10on

eniewith a lead revenerator mav be used instead of a hydlrogen vrVcio~t-t 1.1ooi, heliun g-ý downY

1 InOnSIIo t)xP.UlSiun to 4.2'K (Reference C-11),

Comm'reia units of the Gifford-McMahon engine (Reference C-12) use heliurr as the workiiiýg

-5S anid provide 0.75 wxattq -of asr-ful refrigeration at te.moeratu-e 2 w A *i

v u~ -L y c itycie ouiLe -lInomnson c ircu it. Si ngle -stage units ar e currently operat ional at 60 0 K,
loith a cooling capacity of 0.02 watt, or at 80oK with a capacity tif 0.10 watt (Figure C-11), Aithoughj~jthe ral- of cooling is s:n~alll, the cin,'inuoub-uperitioir feature of the closed-loop dlevice makes inis.

system practicat for applications where high heat- dissipation rates are not essential. Syste'nx %re

under development (Reference C-12) mwhich are expected to provide 0.05 watt of refrigeration at 35 0 K

w:th a siniglte unit.1 * _1-Gas L-r et

Cooling H-ead -I Regener~ator-Piston Crosshead Assembly

%> -Gas Outlet

FIGURE C-11. GIFFORD-McMAkION COOLER. Scale: full size.

Adcvclopmmentai model of a oilu.-ca cyci-ý naeiium expansion engine has been built which uses no

%aives or compressors and is capable of producing 2.0 watts of uqsinhIe refriggtrnflion belowv 300 K, with

a cool-down timie of 10 minutes (Reference C-13, page 63). The cycie is basically the Stirling cycle,

with compression and expansion 1oth occurring %vithin the cylinder of the engine.

C.3.01 --i Et m t, i uv\-a OF COOLING

Cý)oliani' dvvices Ci~xst other than the three types previously discussed in this appendix. Among

the more pr-omising of these is one wxhich utilizes the "reverse thermoelectric' principie known as

the Peliter effect. It Feems that it will ceventuallv heŽ feasible t.o make thermnoelectric coolIers which

26/
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11 P)~ I v I-ertIJ:a 1 "ernpe I a.aI:-t-I ck\ at UiL !,quiic a i :Lyqgfl. althouith "n.heot~' -~x

not yet been dc-;cloped. A mw-er ,;invlete fuscussioiL , viite PciiVL~ e 1 iect anti thermoelectric cooler.;

appears in Appendix D .1 this report.

'~~~~'*~~~~~ ddx~.t:.~itu~~ iciieý Lt:I)Uera t ures near ab-solute zero i: to cool a pasi--

magne-tic sait a~ Eaft -r b.ccoznes a n.g ized in the prek~enc~e of ar. extei-iiid magnetic field (by

U liquid helium while it ts ex~posed to a strong Magnti~- Livid. Ordinarily the temoeraturp ixf tký .. It

rLI i114.. LU 0We AD 501ULIU1. vL eiectromagnetic energy, but the liquid helium dissipates the heat

thro)ufh evaporation. Alte: a near -steady state is reached, the space, surrounding the salt Is evacuiated

to provide ihermal insulation, andt the magnetic field is removed. rhtemnperature of the salt is thus

rejiuced beiow liquid-helium temperature as a result of the adiabatic demagnetization of thet crystals
(Reference C-5, pages 271-279). However, since this technique Is n6ttcontintiou.s, it is not well suited

direc 'r arpjkAtoand hence is not considered in detail in this appendix.

I A cooling ap~crratus was built and tested in 1946 (Reference C-14, pages 108-113) In which a

coniprcssed gas sas caused tu enter a~cylindricaL tube through a tangential nozzle, then'sow Inside

the tube initially approximating a vortex field. As the gas traversed the tube, the flow became ro-

tational, causii, hieat to flow fram th~ gan near the =1 t whrd-thro ivall of ihe cylinder. The cooled

gas near the aYks9 was then separated frr' r the heated gas near the wail and resed as a coolant. This

device was sug!gesfed as a mnethod for producing cold air for use in mnine shafts, but evidently was

not developed to the extent that it could be used for cooling detectors, ev en though such development

might be technically feasible.

C.ti. COMMERCIAL COOLERS

For field applications a cooler should be Ilght in weight. and have both high eaffIciency" and good

reliability. The ease with which these qualities can be obtained depends on thq type of cooler and
on the required tenptratiure. Table C-1 lists parameters of the "optimum" coolers of different types
which are commercially available. In selecting thqt coolers to be listed an attempt was made to choose

those which combine minimum weight with maximU.w cooling capacity and efficiency. The purpose of -
thin tahle' is merely to give a general idea of what can be expected from each type of cooler.

Tables C-2, C-3, and C-4 ' list specific models of commerrcial rnol--_ ,.Ahi,.i arc* ino !Pro-
dtuction. Also iý.cluded are a number of prototype models, some of which may evepitually be put into

produlction. Table C-2 lists df rect- contact coolers. Table C- 3 lists cryostats which are just cooling

-! Tables '_-2, C-3, and C-4 were compiled by David Anding and John Duncan.
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S..... Tz,',e C-4 ii.i cuivplete sy. ems,, niac - iiude -. y

necessary compressors or storage tanks. Considerable effort was made tM irchode all availab"le

ki - Aiiio•-* i c•j ,j d eCALAUI b. Ji I i ti iS UUIte prob sIbi th•t tnere- e+xit ntt.ers which

_--'iaivertentiv omittect-

TAB3LL c- t. PA,-kLA:iiTd RS OF OPTIMUM AVAILABLE COOLERS

UPower AvaiL- Factors
0knticlpe!ed Inpul Cooling ability Affecting Approximate

S._ . Temperatur-j Requiieo Capacity of Cooling Reliability Weight
(OK) (w•a~t) (watts) (lb.)

nireit-Contact C,,)I-r 4.2-7. Ntme 0.05-10 (Continuous (Excellent (8)

"-.tr , rr.,� *? None 1 10 On Gsmad tzaa Purity X6I

C",4•4ý, C:zyitat 4.2-27 Nono 0-6 On Dcmand OGs Purity (6)
(3) (5)

Cryostat with Corn- Gas Leakage,
prcsso: in Closed Loop 20 600 10 On Demand Contamination, 15-30

(60-80 200 0.02-0.1 On Demand Gas Leakage, 10-20

Expanison Engine j Compressor Life

40-70 200 1.5-5 On Demand Gas Leakag-. 5-15

i. (I)

Cascaded kxpansion 30-minute Gas Leakage,
' Cs, -,- 1000 0.5 Cuul-Duwn Contamination, 30

Compressor Life

Cra-..-.,.,l Thpn.l ,n- 212 2.5-20 0.12-0.50 On Demand (Excellent 1-5S ,i,.ct roc C,,ir (2), PeltabiUty)

B 111- 4r chedut!rd fPr Septemner 1961.
(2) %1,re eficipnt junction materials are unler investigation.
(3) "'a1 ,%.-d -imall power upply for heating element and cowAtol system.

-a' .. .. ýi [,lemJ priuf I, ube.
!i iasezi on sturage capiic.
--. t.; .t.::r asmd operating tinme.

a
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T~ta.EC 2DI~RECT CONTACT COOL ERS

- -*.ITime Tm. .-..-.

.'Lfide LNI-2 P Nitrogen .770K 0.5

N'Lt- sar.og. 1-K 0.5 10 No. e 3.21

[.ande LNN-4 opa... NaIrogen a .K 0.5 10 No"e 0.67

Linde L%'O!.S op- Naleocen 77ýK 0.5 9 None LO

Rvalpoatibn flow rate

-awly DeterminedOp , ltop ý ?- ,0.631 Th byNo . 2 1
Enapa.,.taon I ow rat.

71-K cajae city, Dee mie
LaaI LOT-o E-. I'_ Max..

0.7 3~d CN liee

Nrdt'Ot9l flow 30ate

401 0.92 ib b None 1.5f ~~~~ ~ ~ ýep~to flow2 rite -C.- a~-. ~K ~ ~

I~ ~ jIT9 pn Ntoen 1- fra la,,enp.. Deterrintr, aa

H-..,30 0

12 O n N-- 4 None 5,)
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P....; t C noces at iullý.g. Oper.

ation in verticl osi ~stic,, ,en.

S ~~~P-e it led. CooIt.% atoe f. .,.-

ation in nernicel Insielt, neCly.

sot. .j, 4.5 II j Pre-reILL~ed flrongin inAULoed liow. r'000...m -rdrl mencell at 1ii10i-4. Operation in inertical position.

j , Seul, side 2.5 0.5 5.4 3.1 n'resuore-fillled. Cooling ciommences ,t filling.

eronted Operition in'-voitticaI position only.I14.5 4.5 Pi"'s"nre-flied. Oiperateud In vertical nontilon only.

8 .1.5 Pressure -filled. Ope-'.ted In yert~cal posillion only.

15.6 7.9.nO 25 Tenmperature control *30r ov*,er Sur, range
lus.PreR.mre-filled.

13.5 Pr s.cr-Isled

5 P'our-llllc. UOperted In Iterilcl Position only.

10.5 3.5 Psre-s re-fllled at 1; p.ig. C'itan.z. r. n, ertical"Ptoloo onlyý

b~ottom, 10-9 3.5 '6aY be operasted with any of three liQuilds mentioned.

vuounld Porliici itroagn millid.

4.6 Titmiceraloure is mraecrv- _!!edr. O~les;
lor cooling large mosaic deitectors.

:3- At ait-todes atl-, 1,47,.000 l~ee nystenin ca.-. he Clond a.d (i) Unoso cunss-deeigned to vseet customner cspechsied space-erte, thl 1h a P aonol renur re!:r! ,Ic etoI keep usssa~s p.. req-ac.j -...O~~~~~-t l:fr~'stv~o
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72. 1- . ii. m..! innram, In~f-arud Cell Cooling Systems, Nlemorandum Number
6LL-4~-22, Ilinde Co-, 1ndtaaapolis, IoUd.. 15 April 1960 (IPNCLASSYFIED).

C- 3. K. D). Timmerhaus ted.), AdvancLes iii Cryogenic Engineering, Plenum Press, New York,
N.. V.. lot;.

C-4. Arnold Sommerfeld, Thermodynamics a:!d Statistical Mechanics. Academic Press.. Now

York. N. V- I-9A6

C-5.. Mark W. Zemanskl, Heat and Thermodynamics, McGraw-Hill, New York, N. Y.. 1943.

U -11. Charles D. Hodgman (ed.), Handtxjuk of Chemistry and Physizs, Chemircal Ru~bber Publish-
;ing Co., Cleveland, 0., 1955,-p. 2'1' 27.

C-7. Aiftesearch Closed Cycle Liquid Nitragon Refrigeration System, Alftesearch MWnufaicturtng
'Divisions, Garrett Corp., "as Angeles, Calif., 6 December 1960.

C-8. P. Kapitza, Proc. Roy. Soc. odn)194Vl.A'.

C-9. S. C. Collins, Rev. Sci. lnstr., 1947, Vol. 18, No. 3.

C- Fi. 1. WV. L. K'hlpr and C. 0. Jonkers, Philips Tech. Rev., 1954, Vol. 16, No. 4.

C-11. K. W. Cowans, paper presented at the winter convention of the Institute of Radiio Engineers
Praiessional Group on Military Eiectr,1n~[,-- Lc! nL- Calif., 62 February 1961.

C2-12. 1rt~jrz~zd Infrared Dejector -Cooler, Norden Division, United Aircraft Corp., Norwalk,

Conn., 9 November 1960.
C-13. Besrnard Kovit, pAeý ýAeronauticsj Magazine, Conover-Mast Publications, New York, N. Y.,

January 1961.

C- 14. R. Hilech, Rev. Scd. mInsr., 1947, Vol. 18, No. 2

C.8. SYMBOLS

n the enthalpy of one mole of a gas (inch-pounds/mole)

p the pressure exerted by a gas (pounds/inch2)

q the heat added to ine mole of a gas ini a thermodynamic process finch-poundi, mole)

5 the _avuLrupy of one mole o1 a gas (i nch- pounds/ degree Kelvin-mole)

T the absolute temperature of a gas (degrees Kelvin)

u the itnternal eiiergy of one mole eof a gas (inch pounds/niole)I
v the volume occupied by one mole of a gas (liters/mole)

w the work done by one mole of a gas in a theL'modynamic proceszi (Inch-oouindR., mnle)
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AppendixD P

Robert H. Vaught, General Electric Ccn-F.pIny

D. 1. INTRODUCTION

A standard temperattire-indic'a"'-g therm ocouple produces an emf when the two junctio is between

dissimilar materials are held at different temperatures. Conversely, an externally driven current in

a qirmilp, thermo xouple circuit will prcduce a tenipei ature difference between the two parnctions_ by

dUl.ori buheliat. at one junction and releausing it at the other. These phenomena iliucstrate the Seebeck-

effect and the Peltier effect, respectively. A device which utilizes the Peltier effect to transport heat

frOy" one regrion to another is called a thermoelectric heat pump, or Peltier heat pump, and can be

used either for heating or cooling.

Until recently the Peltier heat pomp was primarily a laboratory curiosity because the tempera-

ture differences which could be produced with metallic junctions were insignificant. However, during

;'iv past few yvai s seiýud-:.ý iiavi ce developed whichu are capablc oi producing appreciable

tcnipviLtui e diilere:Ice! t up to 7 5 K with the heat sink at room temperature). Better thermoelectric

materials are being sought, and it may be expected thtt larger temperature differences will become

feasible ,n the Pear future.

The following discussion will be concerned with the application of the Peltier heat pump to theI

cooling of infrared detectors. Emphasis will be placed upon those features of Peltier cooling systems

which are not cnmmon to other type>: ý)f crnl hoc svstvmts. This appendix includes a des;cription of the

pnysical ruechinisms by which Peltier cooling is achi?ved, a physical and mathematical descriptionI

of the tvpical. performance ot' an isolated Peltier couple, a desiign procedure for constructing a simple

!'eltei, c',mhr with prescribvd characteristics, uad a brief discussio)n oi somec oi the rroblems assor'-

ated with the use of Peltier couples in achieving practical- cooling systems.I

D.I.l. ADVANTAGES OF PELTIFR HEAT PUMIPS. There arf :d"~i~

ifllý i'e~lter huat pumps for many isrublenio; involving r-frigerahon .;oldn the vnolinoc fr infrare-d

-,76.
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- O~t~ýrtwot ih.- >ýh I rigIiciC tt cia-racteristicz if Peitier heat pumps.

4 '~'Ti- Z..cleuui !oupies lirobably will be set by the,

'-rN ~ ::o. CI... Ir . 111d 1,Uztr' etu a

1)Thc.'-,* rv!!-t .. w-,t,t-Jiceb; wnicn invjl~c no moving parts or circulating thiifid,

ire extrvniciy rcliab, Ai,,i wiil fnp-rsrti con tinluously 1icr peli.j L.A U1 lie wi~thiout re-

qUiring attenjtlijn

0) Their performance is independent of heai. pumping capacity. The efficiency of a PIltler heat

pumip depends only on the working temn~eratures and material properties and is independent

(d) The coln aei otolbe W itha imple current-control circuit, the rate of heat

reoaIa ergltdcniuusyoe ra ag nodrt maintain constant
tcmpei aiure even though the heat load or the temperature of the heat sink may vary conisid-I~e r~hNv.

(e) The device can be used to heat or cool. A6 Pelticr cooler can bie made to serve as a heater by

reversing the current. Thus it can be used under conditions where thie aumbiezif temperature

(f) The Peltier heat pump produces no vibration and is absolutely silent.

lisadvantape , I Peltiur coolhng rvcelt frcom the relative infancy of the technique. seCa ofth i

matrias, abrcaton ecliqus, ndassociated circuitry will certainly decrease the importance of

1).1.2. CURRENT STATE Of DEVELOPMENT OF PELTIER COO-ERS. Most work which has

1) nili, icd ha,- hvcn .i "odPrimarily with temnperatures in a range of about 500 K on either

-,id- ,i rcciOn te!;,,prature. Devices which hate been used, or which call, ue m.ade for sale, are small
- and have heal pumipinl, capacities iromn fractions of a watt to a few witts. Considerable effort is being

FV .,:I; ri: i- Lcnt , s .%tr iwh large cooling capacities. wjidch may beý Used 'or house-

.Ir~:.,- ~ up .c y it''rc- -tundard-Kolrtuixiajn coolers are still .9ip-rior

rctucot st o. t~ 1iv 1 ý!tneT -.i Ii tent ijnfatet ials coulId xwtli maiike Peltier ccoolcrs
'I -.... **.*' o In. :i:da: rtij ics, t~ic- hio.
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A,~ will a.~l ;hC,%j later, Lhe nixm-lurn ten-aperatrue diucrience attainable with gn-en materaias is

proportf onal to jýte square of the ahqsalute temperature nt the cold side 01 the :oupie . it would thtus

vi" :h.Ill 14r i*ti r 1.-n I ;j r~t.1'u VIiic a, 1.,%k terone~ratures. It imay be poss ible

5 umay provide rnate-ials aid devices which will be useful at liquici-nitrogen or oven liquid-helium

it nilwyatiures. Near absolute zero the rate of heat pumping w.Ill oe quite small, h~ut thi~s is true of

.ill,rn l, :..is.V rr-c lit:_t apa, itc n di s rxingy .1rc very be. o it is. ncic nnre!'vlr%.

t,) pumnp :I-eat amount -f heat to produce useful temperature differences.

D.2. DFESCRIPTION OF A PELTIER COU.PLE.

A brief disct -sslonqf a eltier couple will now be given, along with a simplified physical pictureI of tile ooU1ling mechanism and some qualitative discussion indicating the -material properties which

are pertinent to i'eitier cooling.

Figiire rk-I is lrhpl-tip -rarment~aion of a Peltier couple. The arrms of the couple. n and D.

represent n-type and p-type semnicoducturs, respectively. They are connected by metalic conduc-

tors which iiediibit. negligible therinucluctric effects. .Acurrent passing from anl n-type mate rial to

n p ___ __T

.............. ....

..I .. .........

.. ... ......_ _ ....._

.... .. .... ..
... ......

. . .........I
.... ..............I..... .... .... .... ...M .................I

. ... .. .. .. .... .. .. ..



p -[a ::-:c: o anonthernioelee:tric conductor delivers heat -. the- conductor. Wn both

~,rtvct~iflgte c~urrvrnt will ca,.se thy heat to liow the other way. Thus ir call he qeen that the

a:: ~ :I :1: 1:: tie 1. -1,~n ,i: t-:u: r;U I-i :,w rn' ikle t!-W t ftI ttr LI the tfop.

iov maetan ithe temnpc atue ohI thu buttorns T_-
ii

1),2 S Q UA LATA TI VI EX PLA NATION OF THE PE LTIER E FFEC T. Qual itative ly, the PeIt ie r

'-01 'Ls cain bc unlderstAood with the aid of Figu-Lre D-2. which represents an energy-level diagrmot

Peltier couple, with R! drops iinored. The re-gions I~ibeled Mil M 2'arNd represent ±acetalo; exlib-

itin:ý III- Ll1''IitIiiolCi;l IC CCCtn. Wkink 1 I~i t repuilts an il-type beinicunductur and p represents a p

type -,VilIC01~ULdUIto. Flinely dotted areas represent valence bands where the energy levels are nor-

maily occupied by electrons, whereas coarsely dotted areas represent conduction hmand where, in

the case of semiconductors, the energy levels are normally unoccupied. The horizontal -itraight

i line through the diagram represen.'s the Fermi level. Metal-semiconductor contacts are assumedIto ill not rectifying.

. ..................

%I Ni

.. .......f
I l~atcryj>ys Battery

-it
JI I 'h - -i ?79



is,tuf- ol- :Sriper- c-'d Tc-.o i I'.e University of Mic Ih no

ir, th., L-,;1'LO GU ouxrttt '.b (d I -ed liv e lec'rn~ns ii fr,;! 1-4,"t LU

i j'-.r' si're tum!(ducicr- curront I, 'i~trcJ o p-.tlUVkc x-.har-t'ed oll Iui htut

~~~~~~j k u i--.'''~~~ ii LU M is electrons arrive a, the M-

a iv no avatlatnie levels in thie n-type nmaterials below the bottomi of the conduction

U, -- dc.L pi- Lill~ nuugil 1i ine electrons must be thermally excited up to the' coniduction band,

I- tt. In- U~ I Ii X1 aI IIuu nn 01o enert e rf7y ual' 1 t o thev Fe r ni t. r,;y u of t 1ur I I t Yp C

niviter.al, - vhcr(. f is th.; .lf. -~.6 LLile Frn'it evel and the enerkya th ho-

)' f th.- tcrndictjun iland. (ALiuiijy, [hr ti!irgy required is greater, by a.- anmount equal to the

tra n~lp-rt Ic:yOf til- LXCttI.0, H]~ ith'n type materia.ii i'!is removval of energy it-on] M 2reore -

ai remioal ot lict~t, and thus thte Nl,.-n iunction ;s, cooled. At the n-M 1 junction the electrons

CABn dr-op UJch dokln t,, thit- ,I iginatl levels and thus give up heat.

Similar argunients apply to holes at the Nl,-p and p-M iunctions- At the, Mý2 n

iiim irori the valentce hand of p mnust bo~excited up to the conda'cetion band of M. 1pavn a hl hc

t-A.tred NM ,~ to. riissuot.~ a,, ti'n,tval at r~e M2- p junction. The heat reappears at the

%I jl-itt hn Alhen at', electron dr~ips downe to cominihuto'ith thfe transported, Itole.

1D.I.2. PCHTItEWT MATERAL. PROPERTIES. From, the quitlitaitte discussion of section 2.1

it can be seen that the rate of pump..ag of heat is dirertly proportional to the current. The constant of

pruportio;nility is ktnown as the Peltier coefficient, ii. (See Set,ý*,= UbA~for deftr'tions of symbols.)

It reprp ents a potenti~Ldafc'enr'e which is determined by the Fermi energy plus A transport energr.

Thu.-, frer a current T the i ate ,I pmlm~~ngi ofL~ n-1,1 thVC Peliticl effect, it

The' Seebewck coftx~tof I :ouple, S, i6 the ratio of tie thermal emi to the temperature differ-

1,tilce Vlit m( I 'ep Seclio)n D-l I. For a sintrle materia:,- uniy-, llidtE:ý

ccPiS! i~iiofthe iiateriAl, can ixe del ined in such a %vay that t~ic Seel..ck- cuelfictent 01 aIny couple

Is! en l'v fihe dite~ronce f ic ýthe b.l,ck c"e tllcen&u, ,i t iw- two materials ft fm which it is! ( onstrucied,

i~~~~ -, s~~niea

ThI tL1 UI1iIH idptp aeil p n h-_-e! c-lcýn I.LIil
In 11I 'IVCuetiai. spi a.nap-aiea,' .a c:tv- hs o

ruda itrarý i!e e c -~)1 - ' i -'l 1

_V-11-- til !11!liwi,. I wr, r t-ý:4- -1 - Ii~n ,'n eni-li ta o,!

7WV
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Th-' Sec .e ad PEIltjit ~~-;i, ii; ar- irt- r!jtid hv . i Ic rst !I Ole Thmisnisn ie Iations

IST (D-2)

Qý STI D3Iwhere T is the temiperatutre ftilt, vthe il junuoLni When the couple is used tor cooling.

1- %id'I''itiv. it-i. P, -itII, ' A l III wil is.- ) ii : 1,- t-a i % U WLtli niatt:erinb wzin i exhitbit large Seebeck

ucffivients.. 1 I,;C e iti.I-' i~t , 11:a. ;ro lln Wit h et tifecti.v whenII tilt loule heating, I ul, is a
E niinin:-ink. 'Fie curren-jt, 1, cannot be made small without redue-ing the rate of heat pumping (see Fqua-

lion1 L)-1). Ihereiore it Is ite!ayto keep the resistance low, which can be accomplished by the

L ot- 'I material With loW UICLectr Iiedi£ez~tviiy 1j. A third impo~rtant property is the thermal condue-

tIIItY ,.cle~irii tluc puramleter shouild be kept its sm,01 as pob~ible, ziul:e i. would be ut little value

t,, puLMpl heat 11r017 one re'giun to another if it -it it -, tld flow barkAga

Therefore. there are three parame.ter% whirlh strva #Ai characterize a material for its cooling

I I S~t'titik -- it hi.it ,:uiti. pter dugrue Kelvin)

p ý-electrical resistivity (h-crt~eea

w thermal conductivity (watts per centimeter per degrpe Kelvin)

The~se '-hrue quantitius vary with temperature, and for ai-curatce ralculations thu vaLriationis must ue

iken .nt.. ui-.'-altnt V'hro. na~tiiso s wltll T gie rise to an ?adlitli-oni thermoelectric

ptiect- ihi Ttiomt,In vifert. tot: rp'-ontctri cn au atic,,t Accuunt the Thomson heat which

,tri~v, whnen a current and a parallel temlperature gradiprit exist in a inaterial for which s varies with

T . Havrever, for thep purpuses of thils elementary discussion of Peltier coiling, s, p. and Kc will be

* .t '-v~mcl .oLt, iii - i- I~ ]1 Vi5~tr r.!u~ge .iidul cijoicierdi ion. dnd lience the Thomson eftect

Ia

1U i..i - 1l Ij F M,- tIi T , I ay, iin-, and k. toil.. l ts iintl'' jiPOtipp I.- I!-

zcr8
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fit I 1liii- 'I o-yiri; the fl!ýtr I, ' q4 n 1ý i t Ic Z

2
7~~ -- 4)1.

.. L. in.... -W!ti I Ifliw rnatý r-a I t hi . rzi-,nClet ri( appihic I-

'.i AL in .<t:1-i. Oler Iet-l V.fllje. (Ii /ý ffr !ýenccldtct:ing atrii are slight.') L-reder tha¶I ox J K.

Tcb.t fn ..'uccn 1u iii~tais are --, the order ot 0.1 x lU K.) A lignore oi mierit of 3 x 10 K

maes p I. -t i-itance, Lu puamp heat from ice to steami widh a single stage device.

TI.- fiý i L "I il- I ItI' -L .. .Ujpl IN (ItI lileti( DV

Lc RK

j where the mtcrial constants p and h of Equation D-4 have been replaced by the electrical resistance

U aniid tI i tiler Inial ii ld c til ce K-

The" maxmInI~ Pu)"ibic Value ul Z ioi any couple composed ot two given materials (Referent,
C

1) 2, pagi- 11) 1i1enib

__ 2

FP-KI+31 W -i'7 (D-6)

UL aliuld be notvd thatt Z m depends unly on the propertiem D.! tIke ,,,iter.ial- *,h~ A-- e-ai alu Oa

the dimvuinnzow of the ..iuplc. Ic Appr-mclieN Lm onily unider ideal conditions when the relative values

i(f thr xiriiils dinn jii, ( 1wi,b ii properly adjusted : Le. Section D- 5).

11 ate vaiue8 of p and Kt are the samie for the two arms oif th-,c oupiv, it can ea.41y be seen that
Z Z wher. ow dimensionn of the two arms oire ekyinl. If, in addttion, the couple is made fronif

ID..'. 111-:RFORMANCL 01- A V1- k~iv OUPL..

ThIi- iori.m,rni t li-i ,. a op .'uipik . ki I, a:, thai -shown iiiý jizi ýe D1,- wiill now

1 ~be e:'dci.The I rt -tinctit . in t intinde d to lbu ui cx-iit nliv! ical mjr mathuematical ae-scr iptio.
biit .i utlizic J! 'Unt m~i:urtaiit A t;i* 5 n Pelti'r cIOuples. Thc numerical examples, ci veii are

t., iljiateti ri ,n ;ipil r !-\ieIitf '-;:...n- 1'. 1ý !I I:- Ii :i -r c AI I'jll .111d Ol. 1)-p Llt-t tic ! L..(

L1izn- ;. n1'a~tt iaýI!- , [1 -1 k'u;-wk" it wt ;!~ ;t-::! I,itnra V U wacendjl .w-i A
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A..i -. t- U-L. tILl C<.ip,e 1-, S~veOck coeffi~cints s a d .elertricil re~-istiý*itics

anc i . ern,-ii c_<8C-uct;VltiC. n alli p total series cIN2ctrical resibianhce R. and total parallelI

~~ t , ',inpe ratures T -and T'. .Totnperature

,,A Ji,, I A. wiii Le called AT. Fi~rur D-3 is a sketch of the idealized Peltier couple that

viji oe di-;wnw.-ed, The 'ti~ i r 1 ,ili-ctm ;In,:- flwrni-electric materials izi assuined to have- zero

1.CeiC~1--1, L IClirI cal rc-.1isti%!tv, and infinitp thermial c,,nducetivitv. Thuc tlic rniul a~nd

:lectrjcal resi . v n hcrr ilt ~ :,ýýc ze ,, ,j er.tic:vdt fths s rp

tv'ný, wit! ho dýci;i.scd ni-- ,.g~i in .3ectuon D-o. Wkhen it is aicci 1assumed that. the properties

tlaU~. 11 -.cIk ral .1r.- illdepeicdvllt 0tcmprtoi it I.,~ poý ;mhle to give a complete description of the

:,l~l!i-!] jic I I- w 11 ocl ' , tht, l I. W" wIho-Cc that aýn sp R, K, and T k, ozniieteiv aeilne

the maxliomul temiperature difference attainable with this particular couple. THowecer, this is not
H -riythe mlaxlindian Ltcmmiptevature difference attmabnale with the materials from which the oU~plV

ai.,t ated.

n.- ic c( are four quadititivs of interest: the pumping current I, the heat-pumping rate Q. the temper -

"ature difference AT, arid the veItficieni of perforniaw~e r (t, he defined Iatcr). Oi~ly two of them- are

1n1iUptioltht,. llowAcvcr, there are genertlly two conditions which are of greatest interest, namely,

iii- urijici heIlitnaxniurn amount of heat and the most efficient pumping of heat. Each of these

Q

KI np R

KI P

Kz o
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at-,

AT .iiadT

,".,.. .. , . A I ,ILE COLD ,1UNCTION. eit the ,oliplo •w, in F'".r D-t trD

M- .tj p '.:il i"vr heat Ir011 M. i-sirg the arguments given in the discus-

-U -it removai by the Peltier effect is 1= (spTc - STel) = ST I.

o i i, -, )v qt•,- ,-.:+, t u.iform ieeneration Iof ioul heat throughout tt-e !hprmnoe.,trif,
1 2

niatcr".al r-ttllt in a how ut htia, 'o each of the juiictbors at the rate Q 2 I R. (It is assumed that

- t!,l..t, the sides of thc thermuelectric axnll,.) Fually, Whe heat conducted

bajk ,, K i ' -lrii iut',',1 ;-in the hot junction is Qf - FA1'.

At equilfbi-luill, tLhc thijerence between the oluw oh Peltier heat, Q, trom the cold junction and

tI;, t lt,w d -,,.- h, ., QJ, ilkd , i ,Idu';Led lieAt, Q• to thLUC cold junction 2'prcscnts the rate, Q, at which

thw týuuplel pauilps he~at. lhub,

12 T I Il (D-7)

hecaust of the power dissipated in the thcrmocouple (P) during the heat-pumping process, Q * PI• • Wilt tlx r I't';t'C k d it the hut juocliuo, foi Q watts abaur bed .-,t the cold Juncticon.

V.3.2. MAXIMUM 1-ATE OF HEAT PUMPING. The current which produces the maximum rate

nr hPat nlimp In• -e ly -ht mined by maxirmizlng Q (by setting • = 0). The result is that the cur -

rent for maximuni steady-state heat p--mping, 1 i.

) = /R 1 )-/)

",Wi, ii -,, p- I" i iuai to Ule tLiiperazure uh thc co|h4 junction and independent of the lead or tempera-

lu,-. u;t'rcn,. -inc nmaximun; rate ot heat pumping in nhtained by substituting Equatton D 8 intoIqu.ttiý-n D-7. The rcsult is

I

. .- . -KAT (D-9)

1: i ...... d uniti t,. ulaed tu ha't no heat is absorbed from its surroundipes. AT will ti. s

S•;, . : t: '. I v ::it t: •..... i, . provid~e. AT Thus,

I 22 RK

- 234 I

I
i

VI 2,54



lnst;tute of Science and Technology The v .it y cf M. c.igan

Tthe figure Ai !erAt ot the coup.le, Zr may tf.- b, ,ef.n:d _

-2

-1he maximum teiutlraiiurc difterence that this couple can mnintaiii is thereiore

1 .=Z T 2 (D-12)

With optimum design, a couple reide of the -sane matarials can maritain a temperature difirence

AT. ,vvb"

A 1z T 2 (1-13)
M = M c

"hepze Z_ is defined bv Equation D-6. In general, a r is slightly less than ATM

Equaitions D-9 and D-(0 show that th,ý rate of heat pumping may be written as

Q• -, K(ATm -AT) = KATm I--'mAT"(014

which decreases i.rie.arly iruni KArT at AT 0 .1O 0 at AT - AT

m to

"" he conefficient of perforitadce, ,, is defined as

S-,/P (D-15)

where P is the power required to pump heat at the rate Q, and given by

P -ST I
2

R (D-16)

=2KAT m AT.• - tD 1 '

By cumilninkz Equations )D-! 4, D)-15, ,ird D- 16', uiie finds tile coefficient of performance for maximum

" Q - 1-AT ' --

I Thi- .'i, r;-- Z -nd u wLeei bT 0 Al

285
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a) Tlhe i.iximnun. no-load temperature dnference. AT . frn F'quation D-1?
lIn

"I;'• T~ii •. rr nti i-oquld [oLr nl•.xiinui, coohine. i i rom , (it!aLlt) F)-nD .

c' Thv an.cunt .)f hcat pumped, Qm' for a given AT, from Equation D--i4.m

nd, Tie nur1ie.i1nnt f p-n torinance, {A, o1r a given AT, from Fquation D-17.

The nomographs to he presented later enable these values to be dt-tormined n ein tin M nn(

th(. tcnmperatures, main-1 i.L par."n.etor. ;in-2 dimcnsion. "Typic .1" valuvu of Q ' a*nd iQ, tr

,iI -,,.r t '' t, , ".eIt 1•1oa thli t.0 best attaidnbie are presented in Figure D-4.

U6

4 -

Cd

S__L_

AIT 0 10 20 30 40 50 60
T (OK) 300 290 280 270 260 250 240

I-f (nC) 27 17 7 -3 -13 -23 -33

FTGI'Rtt D-4. MAXIMU:_ '.AM."•U,:ATi'?•¢•
CtiuiL.N f RI hI-RED FOR MAUIMUM HEAT-PUMPING

CAPACITY, ANt) COEFFICIEN'T OF PERFORMANCE FOR
MAXIMUM TILAT PUMPING AS FUNCTIONS OF Tr (OR1AT) FOR Th ý 309K. The couple is made from cubes 1 cm

,a Ai,. mOitp -s Zoo uv/'K p = p = 10-3 ohm-cm,
and PCn Kp- 20 mw/cm

0
K.

D.-.3. MAXIMUM E:FFICIENCY. Another useful operating condition is that of maximum effi-

cieiicn- The exprss.rtn tor tne current required for- maximum efficiency may be obtained by maxi-

ll-izmin the coeificient of periormance with resnwct to current. using Frnqitions D-7, D-15, and D-16.Iel result obttanrnd shoAs that the current eiving maximurn rýcfficicrnt of pecrformance. IL. is

a T
IId



J~~~ ... uq'he- Unversfty ot Mic h gan

T ~\lT, 2rA ATA T- - TI: -AT

6 Aý

NAtc Llhal lur cunbiinti T. the urren? lr mna:in .. i!. hecat pumping, 1,. -t'knstant and the current forI fl -,diilum t ,ffici-ji(,%v, 1. % Irl-. Ilnlc.-.t lirneariv with ~ftr

Fromt Equauuiu D- 7 nid D)-8 the rate of heat pumiping iý lound 1- be

I KI( AT 2 \D22I~ ~ ~ ~ ~ ~ ~ ~~~~4 K6T inA -v he- -c 1ti D- 211,rii ~~ . ii~mz ea ufiii~iL-mm

11AT

and will be zero for aT C and AT -AT , with a maximum at AT rAT /2, where Q,. jQ.

The miaximium coeluticint of periormance, from Equatiuiib D-21, fl-11f, D-i3 nd D-i'5, bccomear

112 AT AT AAT1  D-2411
LIV 2 A~ AT KfI) ATrn

and( a.iO nifl -ii'ii A In al t unitI - .011. ItI. iiplillits E-.

-E E 1

b~~~~~~ 7 .A A Tf-~
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-!
AT Al -ATr m.15[ AT \/i, AT\ ___ ___("-6

rT TT
A " inm ' 

1
h T fh

3. AT
.r ID 27M AT" "

Nut.,- thi two approximations are used in arriving at this simple form. The exLct exprPsq~i,,n given

b) Eqiatioi D-24 can N.-.ipproximated by Lquation D-25, since A is very nearly unity. Equation D-26

is merelyv .rquation D-25 written in a diffrrent form. -'inallv. Equation D-26 is written as Equation

D-I7 'UY abubing uiL Uia,

AT -AT Th'

.it i A .L 1 seen to ne very neariy the ratio of the t'oeffieients of pertorminte for

naximum colit4g rate aaid maximum efficiency. Figure D-5 shows the values of. Cm' IC, and (QL

when. the couple used fur FVgure D-4 is used under conditions of maximum coefficient of performance.

The curves were obtained using Equatijns D-20, D-23, and D-27. For very small AT, Equation D-26

was used in-*ead of FEluation D-27.

'ii

6 -- j m - 5

5 .\ATV = f

"" 

4

-I-" -°"".A•-E_'! {
2II, i. \ "

AT 0 10 20 30 40 50 60
T (3K) 300 290 280 270 260 250 240

T ("C) 27 17 7 -3 -13 -23 -32
c

i[ ZHLXI I:i U-i:;) i- ,H (4 .A-KIMI ,i i t') 1" rit_ Ifi ! ,P
i'i-:Ri , -itA 'C -, AND iiiAI -il; MfIP,(. RA i F Fv -H V \V l-
\Ii N C('I-FHF IENF it PnI-(MNI X\CP V, t T ii" (•!.P!LI

i"t•
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Alt 'tlc' eXp:-eýSVII ci' r U n n n t dj:!I 1c lt f bar )L*. IjjI, sjncp~v 1.r I )I- )Iher %alue- 01

,.- u w~l j .. ±u tl c *LcU 44..tUI~t I W.'n A I cAS a oDavai-leter. Avair,.

I. ~. cccl r '..ojcI' cc~,d 1cri-c c -4- ai.1nd D-5.

zi In thie preceding discussion, the performance
-~ AT P eltier couole of iczvý n prnp-rties amd dtrnim.--

.~T 2C 'cnnl wa t't~ved.Thi' tisk of dettern-i-in th-

Airrp,,lnn -,fP~ cc Pa;" LAC..a-P,
A~T 3f0'

s cribed performaince is not so st raightfor ward,IAT =400 IHowever. since one of thc attractive features of

Peltier cooling is the possibitity ot diesigning aI tic~w. Aitc h -c.%Ij~ ill fulfill thc bliecitic requirenientb

(1 0.4 1 0.8 1.2 6 .11 'icc f a Par'ticula:' task with niniiiiiiuici aSpack.ijid, pei -

VT ' hasc iniuciiurni input po~wer, it would be desirable
tc ! c ~e i tic detr-i nicc. tt- size -)d reqjua ed III-

4.0: II ' put power before final system desigr.s are comn-
Vt;;ht !! It.d rem"rograpis presentedhee(ius3.0LH + 4- )7t IC) were cujictructud withi U. k tcjljectii-t-I I l0IV in mind.; Since some quantities must'be deter-

54 ..~ .ini-w icdLv c,- mpromisiniz amiong several differt.cit

iral-lin ter., tUrC .- is 0 Ic ilil it CuOli I fur J d--j 1_ !.i, i.4y pi k e
by two couples using half the current but twicc the

P 0.4 0.8 1.2 L6 2.0 vollage. Othur conipeetisub will becuzzjc evident

f~_a_- th-e di~.cus-3inn prnigrvsscs.

FE ccl- li-hi-i t'AN'CI-S As IiNC'IP RiNs (cW _*],It

LI Pt-c. n 'In .~ wk ,ri prcpjacec-l, I, . L. Ti, cicjc-cic. (,eiccc .(l L itcirt

289
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- .*.*..-. n- ~.~-'-ip -;iuliit% I nr.;hlen:s 2! cohlni. The examples wnich

.0.4~'0i ~ :..-- ~ aiv qi ~uite similar ic0 the "typical" couple used as anl

T; -- o--ased un the same material pi operties jiver. in Figuire

One r: p-rtieý t-z: Luz, cninie;:(-i)v availahle bismuith tell'-r!. :: U.

-. - tiiernmoiectrit mty.terial'z) Th. i- I,. u-'v -- :' .:.2 iie iudds, and apply to tempera-

... ... .. ... .,i , .---. All!"', uu ir'rn 20U K to 400';K. Acirmpauiv ing' acih Of flt-

1.I-P!-:! tp':' ,'L',I -ti:,.o'' 11- 1, ed MC1il J.r ( au-tim' if Itus hal b ~~cuah~dd.ul Lh ese :Are

:,rA) ~A TFM E?*'I oF TH-F PROHB lEM. 10 illun.tiati thle uste .Ii the) Iuivmi-h a typicnil

------------------------------- 1;1 -.."'t"-: .. <ax th-it in order to nijiintaiin anm infrared Oetector at a

T t 11, Q- T;! t,, L;:. i mir geato a

ii~iimi Luigihefature. I'I it mi i. be des;irted t, .(I. flit- with th -it( i 1r- xauisi :o~ op, r-egardless

.0 p,_-Atr reuquircinnt., or* to do it most efficielltly (ixe.. 'Witt) the hi1 (,he!st pi sslhblo-'"fficient ýfit er

IC1n.Ui,0L t ,. It Will iA- ASSulmed that s -aS , Pp - p, wid t, p K n' Trhe problem of optimum desi~

--jhe', I 'mu' equ-tl:it's d1,. nut i,old witll 1-u rll~-urs:t'd in Section D)-5. It should be auted that Jirs.0-
u'raph, 1. 1'. an~d V1 .ii~ ~v wiuli thn *d'-.d .vLA. hi wiii ime assumedl further that th,,- iiold

iumtiton i. tiel maintained aut 270 0 K and the hilt unrtiuin at 3on QK, w,-i heat flow o I watt at the

-- i ;U.-,. -- i-itl (i-CJ-~lI~ .hd might be o',talned with P.

lead stilfide dvtec!tir at 270 0 K.)

Ell- pr-i-Jul-dv Ill be oltluwud is firsAt u determinive AT Plfromi the pararncter- of the materials.

Auu T 1 U.:,: .'r- . , I J. , iip aaLriL.,. Itli-. imiimiiedi.mtwu l v,- i'i'' - .. ril-;1ot ,I I' lir.u o.. ith.l

.5i -it ;:p-.. i-Uii mai.ixlnunn eiliciencv. The Va~lues nr AT,1 -ndh~ cit eal

.,ud dLLu. ntisisi toe necessary thermal comductarncu which, with the sperifi thcrmal condoctivity,

lit -. io i i I.I -:. ..- .~o *i .m. ciii e rfuquirred r,-ot ý i'tii andI :-rvrc:!
t

.

51. i., lt'.11,1II Rý iuii d lr'tr-Izt::;u-d ti- n ,i..urm iui- Of iufcn viv~imaut tii i-ithric;1tviui and oif , onta( tI I '--'I Jf .. 1 r tli D)- -1). It i', ttwl a1 -traight 'rwai d rnat.Lrttc detei iniue the c ross -sectional

*..! . 113 ,mu i . i'n aut' v i t;': l, ;. , 'I.&Il - Y ,jl.itiiic d, 1,-ic l harm'111 t(-!> :. f .ir c'

17 1 j",
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r) 4.2 \OMOGRAT)'IS FOR MAXPIMUM HEA-T 1"!MP1ING. A coupit which opprattes at maxlmrnxi

L- it- lLI UýLVU i01 UIVý te.dLIIPIU. 11J-. Lthe aiidtc' prolzertles. given in Pigure D. 4. In

I~IL 1- 0 . uic, LueO ýL ! a .i.IiL Witl

with the appeopr iate aloe of s. Thil. line 1Inter So-tS the ti~'-re -t, ;nrct ':ei t~ A v1 Cth.*1 II .:.iN 11.* ot. oi untmi Fq-ti-1 n F).l 1".w nv; tho "A r -r 276"K, a~ I - 72iK. Plaatm
is 't .i...~t~td 'ip. r'k full t"Eawa-!;... o; the cap~iwliity ot t~ki miaterwiA,, it '-oulil maintain a

~ ''octdjfferen'-v with n, load. VitL.~ li TTIP fa.rt-it h* d an tii ~ id

,,-upiu wili be 1ujE lowe: than this. The figure of nierit of the couple is therefore -Z 1x 10-~ 0 K.

5arid. trrm Nninioeraph IL A5T 11 K.

Iill order to ubtain the coeiticient 01 eriormancu. it i.i nited thlat I quatioli 1)- 17 cat,..

I I' AT' D-~28)

tw ii av tw "e.'n o;n li- irv I,- hv e-mp.i rtn1 l I trir :t(*t,.:il ci -i ,iCx f r - Equat;_on D 17) A tl A btr.,LiLI;I

a .qo n ti:s;- tv011 Numiugrwtulil~l, tl is deter mined that. tr AT 'I 30"iK

111d A f ' K. !h- 2' t I''',! I e.O:' * \ ii..iimt pulloil.

Th.. ternia -i ndiut~tnc' 'if ith cmiple (.inl he retlahd toi known quarirti cs by conibining Lt.-atioiis

*( 2KATrP 29

which it' r-n"ited loy N' ml'grapi IV it il .o-,a I_ t.: K, andl W_ 1 IWatt, it IS luuid that

K 0.028 watt K tht requireud tlerniatl 'id-ton t' 1 olr- Ii sti oti hra '

Pit t.-t-t HitMA Lnjia 'OltIutLic (,I bujt1.orv -,f the heat pole p is related t.o the thermal Lond'" I!,

iaaii V *-
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- ,l.,t *. - . ~,,Trip University of M~ch.yen

H )k - r S. . \'z

10 - _K,_2_K.-id V! -- ý th.i' l 1. J8 .izraiut !-;., _'tth s;

-stiyin pa.ralh1 jitod

ait 3viiueits, or Dv. using~ j8 'n amn th'rTh ~ z -o !-a

ii.;. ."* h :&4 11 'Ouj'b- - ~-vquircý LWiai uv geuiuri ry ia.:,tor oi each couple be I./,, ort the

.;11---..t 11111LA Ali the acxteýba v # wctrica; :ind therin-al inf .rmati..m cilitct tilt. iteadly-

.0,um j-Ujj(t glutn ~'Ie~ ' ~* ~.uJ O±'4;-c~ ratio uj

;,.- -aitYNd, LOU size tias nt ut ',tt j ;L(;b v"A y ateCe

"-j', catl f1II( flr- , bmter than All extremely szijlone. fl-wevolr the, er;,rer. of rnuiii.%'i alatlwn Pukuu' M

a":!le l.ki~g/v :I jag , t .- Mtaa 1,111t Ig., Ia ti .d' of 0,1 ~ at, the toa agsaj r. he

I* h an A' 1.1-Z:.. gi ::i.vt g p,a0 1aai *1'rt A.llo u wools r%.4ditV - for OeNu
:-I *,F) 

, ,

t ul M.\Y!M!M 'i Iit OF f' CMNL It it 13 deVsirab~le m'

~~:.::~ ~ a a :u.-.; ~ .. & Wtr saslher than most c~ompact, the required param-

I 'i1 i,11 1 ). (W ' *,!i- *ý ip.) , Ill U .Iý%- scut' is ua-ac in,,L~ad aif thie t~p;_wr one. ()I

N ...1n-r ipi', IV ,- i. uýL-. ui ltw rwaht -hian i -.- * a - Va! .--di.~ ý ,. 1J ir Q -

.111,1 ..1 1. r atia-g th.1f' (a ::id AT . i'i ii ',malbnt thernla~' -(ndiwaaa nra' w~i, ni .~;it .1a,~'

ia!.f 1 1;u Ili'-[ "li lt lung a' Ii. tt!-w Uif O rniaoa -n ipact c ap'.a-. Namiiauiiaphs V .-tnd VI art' used

a. ~ .:A . tll a it a'.- ý1;':, -~a. -L- %ilia ua~ tluc, r.c; dilfraggi values tor the gvulioetry1i, Lri ucai resistance P

T% ;-.:\ll1Anui, -- if if )1f p'arf-arnianfcv' is -Naxtn hw *v Puat.-:)n D-20 or Nomograph

1,77`1, "'n Lhil - iL1.itlg11ai tt.ri -- ':rrc;:H r ad ga. n enats pumip ning but is wit the valiva 'I

!fr r'*it -h I..t-at aat

--toa- -:2 . .~4a:' t ' '' i a i ~-a-



;nstfutte of' Sc!c and Tehoz- ~I. L z o f M c n a n

.4 Ž;~n r.-. ŽngiLae w valuse of R. This curreat

;ýen~ ~ ~ ~ tP.- -n 1,,r AT and~ a i' io tidina . rne icflgthr

i~ ~., ~~~g~~k.;~ 'X~i gives the area oi each Lrrn jNomogratph X will he

discussed in Seczjio D. .,

The das~hed imes on dhe nooa~irapbs show the operations used for designing the cooler with maxi-

ý1 1AV ils 1 ;'niie tne soltdl lines indicate the operations usedi for designing the

c wo1.. th maximum. rat,~ of ~'!puniping. In each case, the heat load !s I watt and the tentlxerature... ..'~ 'K.

Tii-pi tum.1 Ic h e ýýibt~:ed for the two ~ .it -, :iiteresting to note that the'I arn current in; rt-1-ii r~ fui Uhý: U;puswifi d~~ with the two types of operation and tJhat the maore

12 V~L~C~-i UpAR!SON OF COOLERS3 DESIGNED FOR MAXIMUM COOLING RATE WITH
COOJ E S DESIGNED FOR MAXIMU1M COEFFICIENT OF PERFORMANCE

Requirements: Heat ha~i - 1 watt

0Th = 300 X(27 C)

Materials ased: -a n T s= 200 u~v/' 0 X

-2
K - ir K W2Xl1O- wu~t/cm-deg

Asoumo: Effective Z of enuple, - 90% of Z of riaterial.
Maximum ratio of resistanep nf cold imwtlotn cz t~i- ttai -i.. C

3*.

Ci,oler with Cooler with

I(:;efficienit '.2 ieritirroa~nce C1( 0.27 r, 594

"fit-rma.l "uuan ,~.IL cz 0(2 0.062

.2.7

10 11



l'lz-ý"-c and Th2 0 0 . -:.

'~~~~ii~~~~~ar a' ' i -' .vr, *.. '

- flfre . V n.. t -- .. t ., i' [P. 2; !%t

I '"n .avtpr,. .- C.0 t r L,. gi dr mýAerials ark- fixeCv' y the 2

L'~ .L..e to' , Lw raAiniajii 1. For a !%f ATA v"'e'~ft erform.--*

g .,.~.... ~.ejw ;l('rLz.Is..;C4:Iy tdh 1'.e tirat isaj. j1-av ifependence of TI'~ dlmenslorvs

- -'1l"-~-t lug vi.~ i zwci uier~ nperated at lower rurren-; for srla1lle,. val1 'es of .T.

r, 2~~ -. :.. J. -a .2f-La ;2 222 2Zd ) .2'.24 deaLt Y.'- a ry.0cr %~§U~/ itua(iLtjn it.

lb. the pt. nt we.icr referred t , wgm, 01.j, *f a i'iv.en tlierrvi22Ctictri.. rmIthckrji -2 j ~
The v~ A' tiz..a rat.- of h-Al iwtmkm.'n rforr.-- nl;! the/ li.ta remct7y.-d f. OM) Lim~ jUfCtit)fle beptwee".

*-1, Lrk oldJ s -*. ai'i2: r.ic~d.c.A~-ie~jd lt- nuc cdei..t,ýrea ci, oi-. ~ .'*

r- e t he~ tnermrlofllctric materials and idealized.,4.tAr'ntj hor li. ittle oe"
1 -0 l, yet

.-- .~ ,eI. alalt 4 anumber of considerations ftat are - -erable ~-:.' i wi j)a t~il h!f .- A'-..pwg

-K. 1A iviseri-r'$ into ;i refrisierxjtlng .jiiej. Z-.Lý/ -.jh- .i mrcasidcration.. ear:c heat e-V'!zp~tl

cuid a~id ht i-! s4.,, C'le,--itcal and thermal r-:, v . c of ti'c ;ýunct~ion& -:t1 iv.-~n U', v-- tjeleti

wtr .Jlb ".i ,~ t;24aticA cutiductors, provi se x, atia power suIjppiies" 3:.; ?i ao ~t

In addition, practical devices may-4.Aji fake use of a nvt,!2.-r 01 ;2-1L'.t &% or similar, simple

-. ~ ~ ~ Art- ngt.-; --i aaxallel or sere.qi. Such arrangeml-fl-o. * .Ab:eto acvltevf larger temp-

-- eratui-~ 1vrrnces. larger heat pumping capacities, greater ;uefikiienvi of performanice, simpler

geomletric . -o imp*e.- power -supply requ.irements.-

I -. The present sec'it will deal with somec of thegc W 1pects of PAtier cooling, irnsoiAr as the' prob-
i --'ns nivolved are !Ut.2dC. -i .f2rent from in.w i2i-cSuit2 ed'~ in--'-- ote -. 4

sv s/te n~.

t' 51 0 1)Ty N1 ~'M 'S P . n. t- n .2 kM / - - - and p-lypt- n-teridis d22



.... .
'4.. .~... .. ~ . .. - .1. 1~x ' 0mA ..s I M" t:!, armis nav e (2quai

- ~ ~ ~ ~ ~ ~ ~ ~ ~ V" u~n~~ .. ~ ~p. ~~. -J .gi ! rnicrit u1th.te :ý4-n

4 - R)T~K) D-30)

- ild it! gerner-' U"ha the mater ;. fig sri. if nlarit ia Lqu-tiu:. T>....,&~ ye atcqual, cnd
- -iaximi 4 . tht . m . aitcri.*ti. vt. i;1 L.. ~ *na "~sg c1 Ad4junLX to) miflmile

RK, II MM . :1-Iatnr of Equation D-30. This optimization rcq~iires that

14i 
4 

.,.P 
-D-1

IT f) K

~i1  .U 4. ~ .,.I ,,.- -111 arv'a and leng.thi, ri ýp--t IvvlAN if the arin.. distinguiO" t y thp

'S . ''¶'~' 1'* :~ c.L:! '. 1 I .hl~i;. 1 .011, 1 l.-. 11122 are r...~ too

arltic)4 1 Fvor 4n-p1ance with arri of equal I r'rim'th th-' r:Mtl :I :i nialv f~it, :1- ;,, 11 :is C 1A. or,

~ i.1thall24 t124 .4Pt flUlll -a1'd e withmi st pi(4duu-mgl nvore tha .tn 4tv do ore a! in lwe -Il ecti 01, nre ;,f
rn~!

4  ~ re and it m alIloyl wit'. relatd -PitiputWndb, tie uptitt-un r42 'iom of ci2VIIs 1s qjUI~
4

iej

44)4 ~ ~ T 4.4 44 44 . [!I' nt: t I. til4. t -..;.1- 1id .4 44144l

I . * l ; . . ; 4 l l 4 . 4 1 I J 1 1 ) ! 2 1 In d hi ' a t t r a ; : f ý . T.,> : < 4 1 4 4 , 1 ' 4 4



, _ •;S:C.-:C... Tech- oioa, *-- A, oýf !e 0ga;g n

e 0 C C f.l t : I e r le* C 1r~ c;-

'eat gent ,ratei in the z-Qt r A! c, -4+A .t . . .. " . . " ,
-iC -: .. .t•' :].S ;"" ,. .":•,. ';- , .. "jp i "'r " :Y:r ¢ 'i'[% t s . I [(,? ,' L A 't 2_, t O I I f I AAAI{.P oJ-

1
, :.., "!:• ir.L i'.A cLi is .- , - . A . ,-•, eIP eP teCt o of reA,-1 re s i ntav h.es gdly hI -

.011 •i., Ln -• 4 tI i .L thiC Ul" d I)uflt I', I.9 el generated there ebi veCtl'ey adds ro, th,.- he,.; ioi.

"" T!;c h.) i . IR, I nu+Lat, 't !5iv s mportan! sAV'.' 't -"'-o! ; .. ; bt-_' L't inaoetimattly s EXLt

t, n•e hlict-rejecting surface.' -. "'.-'.

.Th- fiat genwrzlod il thU c-,id 'ullctl;ml s-•--•oi-t1-r-e Ih E alid simply adds to tUhi jouie-heat

S" . !er' -,a Equation .:)- , whiuch describL-v the lict bai,,nce at the cold side of the couple. Thus with two
iui•.-,o n , each :,1 re-i*Lince Fc, on the cold •id! of a couple whose resistance.. it 1", i"A ja.i. heat to

). *re4friprssat h op-f)
be removed !rorr, the cold junction te i 1,2)1 l + 4P •. "l' rffectiv" rOsiitauts . the couplR +Ar

S*7R - MW C I(. - (D-32)I *..Ii:: ul £c ; },.:-c and R /ta 'nay Zle fiund using Nomograph X.

, Xo.lv:r " ) bA r,."r ". Zt.to-:7 ... u-. iraction o0 Z so th.t the Junet v -. istance

A.: -,; - uu iaMn a upecUled amount, a minimum length for the cooler armsI.,, IIIA,-l{.t: :*A',U :..•. 1 "i L,,i;:f!;listivity r of the junction. In terms of r, which ha:; L'hi units ohm-

dn. , t~u resistance of one contac* of area a is r/a..i-. 2pL,'.,

4H/R, -2r/pL (D-33)

-taAa'#,2 is then Zc 11 + 2r/pL) 1, Hence, for a specified performance of a couple made

fro nr.m.itr :i/- ý evon - .A'IT IZl clI.tbiL uC11 ..1s1. Tnus, as further reduction of

coi.,a. ,-esistances Is attained, the minimum lenEth of the arnms n•ay be decrt-ased. Since the volume

, f. t.• ý.rm is aL or yL 2. and y is fixed for a given requirement (s,.e Section T. 4 9ý ' -,'r, ....

S... .... /.. .U . Il~~~~ I.'->-' . .. 2.... -. *. .5A.A.A.I ana are dil ir-ul: to II." --- ~ !

"" U

___)7



i,;sro.p or Sc'.ý ce o id rech..ri..--. I 1 te Univ ersity of i.( '.

- - ~ c Ovitq:ýtu, .rb rct-14a 'iii resuistances. u.;itvyUle cedIC ut tiCe~c thermal rebist.Arl'es is t,)

- v~eth. n-rr-qsarv te-a-rer-Ature diff-rnor' tetwee.- the. hot mdr -'ntd iionctions t~ow.APvr ci

film fli jusirng material at a junction is usually .,ery t'in, anrd t:1wr eo t: ii~s .t high iherm~il Or,&IlLZ-

al t , teynperzatuýre Jrop introduced is small compared tu that apd-.e.ring -cross tht- neatexnr:..

TIn teirms at mne eaeffv..ient of nPrfnrmAnro I' ; the rate tit heat thmw arrnsQ the hn mtnrtiPr, ir.

P ,: ) irius Li t.- e IC cUe OWL Iiarrr, ru--stance is more serious at the hot juinction th.-.ar at the cold

C[j" rr oi~i !L Vr Wit .. iLL i ilcri iu.tv is Q.It the two Jouctiwa.s hiv e bia-tilar thermial Litt~.,tie

I . '~ t!v tiitiI 11:41 t ri atrc at U,.e ho! Jurnctionr will be KI e.iterz t,,au t~l.tt ..t tIre.

'I.'I t)ld ýWilAkoin by the fACtor of I * I .,

D..4 IPP1.1' !n'FF!-(-T ir'1TrJ P>('tht I: ...

into the C.11: 'AIAtUrr& Uf .3LL~iol D.3 aire dircl.A curt cLti,. Ally AItt-t 'o.triJr C01oiJIi&raert uf cvrreat would

produce' iouip teatrng but would pump no heat. lice provisiJon of tstve..ds durect currents at the imped-

ance Ie st s req~uiredt hir Pt Iticr ecu phv ss 11"t' U o:ro; . i~o~cc d .1 ini . r.is 1fi

re&-titier-, urid, pariticu:l.Air", frlht-:.AF Jr i :. _a..- .L1 inrtiv r'i.%v t,,r oturreikis of, f-.g , teos ,It jmprrem
delivered it tenths rt a ,nit. Therasoelwetric generat.rrs would be ideally sulte~d for Pcltiez- coalera,

sin-c *tr- 1w rpect.vior- )I such a:~ r.1 t. %,,;rtr Ill, 1rup.trabi~t, ". tll' wrrp( dmlcriii of tc colU er2.

WI... ~ ,;-1," ,i i,.-I pul-lIir 11r1A:1 , u 'it ui , it I') Irlirpte ik triterv

1rim, I. I tiatively Cý9 ,#y w <.a un fe quantities of trmportance are the root -mean-square current,

I wicht-deteimlneR the joule heat, and the average value of the current, I (cwhich determinef.I ~ ~ ~ ~ O a .n-wuomt ,! treat in~mpt'd. These aire trequentl) relate-d thrr -ur: .t f-ormI fa~ tjr. F. defilcd a!,

.1 1- rnis Id-c II-.4

Fhe forim idi lor r., easii', attermined irmp two- reading,- orie on 'a d-c amrmeter, and the other on arI

... ,- 41 i.-.i:.~iniar to Inv' origua-al cquationrs. in cach eauatior. wlheru S aoopacs it should be

ri~ wiri ~ ''',r- it -:i i rt-:-.aeed lIv A~T F~ In fact, since AT is

- . . . - - .it . i r.,-rt.sc Tin ' is whar, should I
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the hear pui:ipairg tmrin of Equation 1D-7, and in representinir thp w,'r,, iiiv ngla~. tei um.L

ByV substituting S, for S oia the equatio?,s wl Section P-3, it can. be shu.4t, tLfwn pwrfc~rrniaicL

t,,ararneters fur nonsfeady currents (Lemited blý Astt-risk,3 nrf- r,'!;i~d _r; n'. .

AT in- 2

m

2 aI T '
F ,. -

AT 46 *

n Al ni; /

qpL lt i iu, wl li~i read~mg~si ot curier~ts wlnX.. give ma~ximuni neat pumpinq

Flit k urvc, i ru'jltr. 0- : !1, *h L - I. , I 1110 !jr~in :.~ -n 6T fi nc the DptLl~iiuni cur-~,ui.

r,-nt, I and I- Pie curves in Fiwurp D)-19 'hý- ~f'-.i or. the coefficient of tkwrtvemance f~r

:;.tXH*;I~iMn tluni'.J d ht ' : ,I -:, ivi uptl-rttui mst efficiently.~!~

D-20 ' di !, a-punjJpi;,p ria. aoid o't tht: maximum coafficient ofI

Jw i ~rti:~.'- it. t houIiuh be noted tha t c-tsi Iv &iiIevable f i Itet inmg pr'mdu clýs form Infctors It- s q~ Ih

am :ý.itubold.i Iliptim "tI 'mu .~ -. Aok-tu-peak amph~tirim' ;i-- n:~ps:o - 40. r
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_, C0. 1:!-6'~ n ch U;.ers:ty o f M iLn'ig a

_1. ;w~; ;> ~ .~:ai Lu iu ur ih'ss. all t fi ! n,".:cv c tflai.I

1"'? ANSII:N T E IF L C 7s. A (Iu anit ta t i t r P a fn-e he~" i 1 -~ .i Lý nierroelctric

.~ .. ~ju. Iu. ~. ~ ,.i½.~rid~ d't' '.he.- load r"trrent_

Tivv flint reqwired f,ý t v. ecu- 'i_ý Lie i.zý ýe:i u titoit er mal condue -

-1 .% t1 I-., lA, onl t'e 'iat-transfer coefficients. A cooling device

5Which pull);): 11i~-t ;.1i!r 1' 1; t:1j .- I")ý ,,~dle K load of 20 watts. f.ir 10 sccujadi; on

file culd s~de with temperature change of less than 1" if the nontherym lprtr-i c -nipouinct .nii flit cold

Ldl -- f .i t neat cpaity of 25 calories./ 'K. This he at vapacity corresponds to that of about 250 grams

Fedorov'dx~~ch tu. ' P-41w~ shown that idnoiblinp the optimum steady-sitatt cwfling currunt U~uvufuil

~ ~ aitedcoujrJe will produce, for a short time. a ~to- rati.r VI more than 25%I

Ir~3.xr ~lL~i~~ -,no-load steady.-state ternpeAauedurn'
~dnLy. cz, an Iracri-iaed load and an Increased current. appitpii aimultaneouslv fur .. 4jr

i.".. tend to ri-mpeimsit.' *i- Ii a i Cr:-. I'iiz but'getsti the Iltriibility of mnaintainin~g a constant

!A pratuzo diffoec.,ce almost equal to aT by using a control circuit to vary the cooling current
w~xif short-duration overload's oce-ir, even thiough a steady overloaid of comparAble magnitude wnsfl!d
make it irntc iliiblj I !n-!,! -~h a 'arg.e iv-air -ifrn

'Short time" 1iq tsc ! lirt, is a reIlttree term, dependent upon factors 5uct, as the thermal diffu-

;;A,:teif ..ad tWe heat capacities. The same factors also determine the time required to attain thp

D.IV 01. 1 IHFM Y!' P \1A! 1-1,L!j.1_(A. P;Aiz. fwb identwpJ .1 -tiercjl~ :t - i -:,1jlicnt' pa run~nrale ] l1U1 It - t ric 'f l w if-fauedi' r- an -A ji n flitsm wt.; I;-
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would be cCilflected in seric-s electrically, requiring twice~ the Voltage and twice tne power of one

.... .... .... ... ~ .~ ~.~, o-- ut witi-. a taigi~t tuurutr oi couuples are picicea

V, !hs.,..-a! .-. nl-ct vfith it'. cruoled regicm !9 ITrRde throuigh q m-,terial thiot is an electrical conduc -

- -' "'.-. .d u;L..L± if EL ,!JF!, h Anfll 4.: L l Aii 1111 IA' k-iLt Civctiic~d jxteutita1b. V-iY Lviji

i~"Iiii ft' ' 'd.-'.1 - .- r~ .dq.ey without much increa.~ ntemlrssacfrt~

r'iditiveiy h.':v *'oltaizes 'nvckved .-

;:~:nll,;t %- t.ge, -. ul d be used in cijs..sý whei t: the t u~jlesi Are a-ranlged lir larvu bar-ks.

Sllnidarlv, a e--wple of large -i coss-ý,ctiona! area, iequiring a Iarg.ý t-rrent, Ltluld be replaced by n

coupIPR each havi"n' I'/n times the area c.! the original one and retquirinz I /n times the current. thus

1-11 1,. u.. .), ý th~iii~in pu ..vi týuphjkiov. fili, ul *:uult be, VIIIi.Aill .ddIL1011A I iAb-

phlnnbveau.:;w -Itb ica e nuinbei of cuupicc. k u.. '~I t i iiih at UEL~L

du riot normlAlly require large Lbaini.- vf oupleii, furthier slaucueiviii of such devices will not be given

here.

STHE~tNMALLY CASl:AlDll. COUPLES. irvltir couplIN tmay kle placed in 4erles thermially

ic. -. scadvd) for two pu-iot4 (I) to achit-ev .i tigigi coeffiCient of pprk'ýrmlant C fer it given heat.1 load at a given tem.-retur- difference or (2) to achieve a temperature difference greater than can
Ut JOILU C 'k LI ha4C iu.Leiuuple. Viliest two are i,'ui entirely unrelated. tne limit on thie coefficient

It oIo .l twing i attud '1u Jiv liziit oui the niiiiomulm tcniperAtulre difference k j !e Equations

1) 1 i Akio D)-ThI.

%V. p~ '!:'Nid Ut ~ ther , -flit iet 4i p'rforrnance ef i. oP.i* .t....' I:; rndpc de

A f t!..-. qm,~ if) ýf lt-i imp~ It niav b- ux,*rcsa',,d nII tern-~ ul ATm*n AT, uid T 'as -h.owii
... .. .. ... .. ~)17.n ^, G. T!Au.. it is pu~iblejk 6, di.cuss time improvement in IPeriormance byI~aý -ad,~.idn, xithl. c':! d- n the cui rent, volt, e it-at load. et,:.

-'.Th~ !I, I' . . L#, t-A ~ Li m~ pJIUýkr i ru'n U, I'; Lboth ctlitribute

- 1; 'X I 1il I- tilt



fI.:f4te of sr".ce -j
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i ejo y e U n tinvers tv of m P- n

w K D-36)

f cutar. for a twoi-St. ; evit

:.otd"I J JW0- siigt Co.'IcJr rn~i. be illtiatrati-d ~:the 'ollowingI

examole. A,-N j c~ . ,ýdv from nuiuerialm -rih~ Iftat Z x in-3'& sm-in~

401 tn .tf ~ --0 ~ I,0tt by two stagf0(. -Ahup.-rtttng wihAT o

1 Xii.o !he currenits arp *iUrtP'tt-d (..i;;:- iimui rifiicenry, the (0rficlents of pvriorrnance are 0 30,

;uuco~.e oler ukid 0.42 ior the two -stu.gt cool-r. ff. wt-ver, if t- :ti .o-t

h'_: 'JAI"~'"1 1 ~i~en~..~ R for (h.- !-Yi'e I s:Age cvuler suid vnl 0.- fo h

two-mtage co'ler-

Further imiprovement could he obtained hy ldirgln a i4lird .b.t 1buL for the at.-ove examPle the
II . K~I-Ij eriaot me Improvemenet fr two qtv,- i, gr at Wheni

AT. Al F 1 nearv 'ly I' Whn aTC. 1, a rmuJ~L4:A , .t~evie im the 1.1m I ~ t rellivvc heat II ii-' m mi- cold junctiti.n untde r stt ;id -Matvi up~vi uo#..
jThr rrir-.eding; dlqcosý,lon hi.. ivicirea primarily tn ra-;'.,di'd ~v'f'r''ý-- whc! i.cFlv Im

for'.*ltoienrý with a given temrez-Aturv ditlerence, If th., Otrz:ros4,Al obijective Is to obtain aj

1..~cL.Jpv.&trtdirte rnci, ha'tw#.o i; uti e reio~n and the heat sink, each stage can be operated,

Ilr i~lt'lrl .it iiL.Ll~ LL. ii.jj iiiimIf. :t.~I'~ it r( w. Kiving A rI' ATm AT M

Ar A$ f i Ac 4k ivil with AT &Tm is inefficient, successive st.,geq at

I, ~ ~ 1 1u-.ir'i..-t 14' d-1411! d i;'.;min riaidiy inýrcaSln1. AnioIUIAt of be.!t. It should tbe ULrne

in mlinld thm.1t -%T_ -' .* -; v - fiM% stages even it constant n'aieria
1

. proi~crfioe

*,,,..mI.( J'e zs Ihc dcui~utdi Ioe &T- sciai oi the ansolote t~me~a ra-tir, l 'LAV ticod

311



- - -.--. ~.-.- re University ot Mihon

- . . ~i.')Ui b~u4n .,iCeb Oi iclrattclifcv. Avoid-

i ~ ~ Ullt'(11iil L!ý.C 'ltII eiC LI L7

-. 0 f .i .11 cuirlt-rM.t III he upphr~d I*' e Irm ar --n f O~Ct~;. l '

Alu' ' . ~ n ~ci t.-~ igi ci rvl , 11I (hrniai. anal

ii. Eq.atu iu-iun mer, uc devernlthea

;1 :-.1 jIt..->~ Oi._ ia,, Li the curitn. eaut inile urnit, ui each couple are unequal.

189 0 K (-85oC)- - Q- -- 7[ -dql'
I., 220"K t-53`,:) AI 12 .3 6xIO

Y-:"K 12 C 1,5 .6 l

!n i... Mw.,ý.,.. i.a it a' unr that th igtre 0. mrt iw, C3aIa c.lement Isi 2 x a

U I'~~~~~~~.."dn MAI tIll. ::t -ii ,III n.~. i I. jiiji, 1 ý I'.tijd. tAlou, t-.tc~i thtttg. at designted nao thAt

A I Al .). t.ii g tit'll~t. t.LLUleN M)I tilt Nfitin~ttfs and Lit-effideantti of pecrformaances. art-

.. III- li-Iia a 'ipet t'ure daoterent-e is 132"K, the over-all

1-.. -u,.jd .2t 4LL ttItpIt'JILII with at power %) ufljy 50) watItm fy tilt. uw of tent dtage4 operat.inglJ

i 1!1-11-11 1~ a it' -.I, I' k hl U'.> Qii lai . e utIII maiteriltis with a t'n~ura' ait ar t.r ,r .j - In- 3

ratI - 14 C*( Xl )I EN FOR GUNSIGIIT DETECTOR

jx:,; u~ djp L .. i; i. -1, .1 Pclwl uul..4t, .. mperature cofur. il *1n otperationtal infrared

dlf - -:.tttl~flti

I, iioei! p-aim cetvt
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:,-;~ U~t- 117 i niite :<k - ...,.; P.ki~ ~tt Is Shoit)i In Fig-ure

7; -ie nd insu iati-ni fit i1i1'j -I P.IC(' tidi wl Av;i iijEAt' :1 thti itfii, adiv( diitertor houstAng of

~~~kdl~ .1-,a. it~i tLlr cooler nrnpt-r i'; .hýýwn ýn 1)- .. a .m can vel ton(

ctn.i:~,t t-i 1- ,U)Is whi- :rf in' r~arhd iniiic, tu-st.- iiii k.Illv anid III oar.i!h ii:

w~.---~-- ~I!U Area A U.!mp-' ~inI it.c.L~uj utI sine~l~e 4 cml zLuuple

A: Litt: d U) "'It- 5 -tomp ,~qwe!. Supply

_f

I~~ý( i t-i. P:.K.~ :PfXO)Er)f VIE.W OV JiETFpl~H AND COXIlER

il.'iiiI- -- " I)' I:,;. 2 ul niterit of lent, than i A 10 3n ;t ntc v:I 1' k T . ILI m
Ivat h'puniped w~tt. .buut J1 watt- and the coefficient tif Performaince about. 0.15. The zur.

rent was clhna*om Iv .... ,l rate of heait Purnp!uit.

The i'ffcdA of ZuK tcimkiiif the over-all %)erforrniAnce (if tMe eifnsiglit iS ShJWl Ili ifJýh.rý- D-24.-

Tl~ i ,iw -iI Eiit. i Lv1;~f ~ c tut(r mitter it is coiljed *it I;! ,I an ibifint t&niperaturc

I -I~t -I - i.4 nild -,:I jt f - .1111 f- 1:!:i, 1 11,- i~.. tnnniiDrItL.U it 1 ! ii, avtvtit r dkuur~at; nJ afia

0. J it Ili rva.,ed. Allein the i-ioii-,r hadl ht-eni -perativii I !.. Wz') iwnn!I- r, i.;, ý h

* .:., nni p-i:,in.ut-.r-iv';c .It i ll:n -r lnr" inl ni::nd fliat
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Appendidj E
SEMICONI)UCTING MATERIAtS

;'!-n 'Unet ad ai Anding

- i dsLlt AK ,I)urusi-,ý t he prl~),rt~i.. I kiw-.,

LE~b. , tui~ r n Ptdi' ea l.ditrtz. ht-"tz iIl. .tid iutten th ' pro'pert ies )f pruifluting

. ijt .i , a iziý,u tx_.* Iititiv it iu .,-' .. , tm -1 :T, t~b1ts ýf bvili-T e.~ ih Isid,.'ip~ . J1 .L'.k L t' i-t.-,ti thej ;aiirard spectru-i ,~v,- i~e'sl q1(impiled. h

TABLE i...-.~ 1. 1.1-!

Material Enorgy Material Temp- Reffir -
1UtP For mit i .~l ra i r s~ice

I, Si U.. 300

II C J~UI.i cjj'
P bakk() .3 P 0PId-i() 0 7 p 0F rIjj1. 1 0
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Mateial Enur ~L~~r~l Fmp-Refer-

Te 0.2 SC 300 i5

le 05 Filmn Ir

-' ~l~lP rvst! 1W puIVCryst~1jijii

IA~~~~ ~~ lit-1 I U.,'A~yIi1IL D

'.A , I CK

Aýý2 0.4300jA!.l.:"u j
~ SC 306 24.2fI I '~3030 24. i

-I~~1
4 .0 Z)C 300 2'. 2C,

`2`3 11 i 300 324, 2. t3 j
i~ ~ 5 30 2 . iný43j

2 P 4I
C a 2 S 3 2 , _3 1
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"TAf3I F: [-.-2 ' ,:t u-l

.. ... .. 33u , 22J. S. 300 32" * '.": 195 2.8
':1.)-'2  O.- -O.ti SC 300 32
C .rt- !; . c• 34C. S.. 1 •JS 35. ?4
CdSe 1. 1i- PC 300 q4

CdTe 1.45 .Sc 300 24,35, 37CdT f- 1.5.5 Se 300 38

0.CoSt,; 0.5 
39

"*o ; 0. 5 31

I n.~ 3 01

1.02I'' 1.02 -1

Gu,.(Ill )) +. '

... .... 6

. -1. 4.V,,t"*' U~•:,q(' 300 43

0ash 0.77 " 00 6G.Tc,, 1.55 SU 46

Hv:s
g II4t U. I g4

HgS,-~ ~ r n 1S( 49Sc MOO

In \ - ";.1..'- .,

.. I ,-

IA 
32

3 21



e O cence and 1 oc. ln, n -v"

Si. .t! " rv ,\ terla TeTier .. ,.

, erature PIT-

""uu

: •' .: 5 .5
•:'- , g i nSt"300 2"2

Q-, 10 $c 300 24, 53, 54

lq)[v• 1 .C, :iuu30 Si:
t. u U. S9 300 32

M9 2 Ge 0,55 SC '00 34
Mn..l.-. (.60 300 24

Mg 2 GP 0.46 Sc 300 2?S.. .. , . , : • , o . J."3 0 2 2Mg 3'.!12 0.8 2 •;-300 22

! -Mtj3Si'2 1JAlIZ PC 1t00 5-7
,%j 3 S h , .8 s c 3 6 0 3 3

SC,: .UV 32M gI2 s l pI ) 0.'-7 00 3 4
p"j2:t' ' -. j, 30f 7d 4M1 Si S t.,Z. ... Me 0 22U' , %, l 21: ,30 4t~

300

S%8
U .•N .U '; - U . 1 3 •; -3 0 0

t. , r.11. )8. t7( 2

T 300 C1!"' : t,.C 30o 94
"":": : 'SC 300 62

e~qP .2 5 F~lip!t n
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77 15
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Nl a t r ,I ptP

Jut)

ii ao~ 65

-,'I.~.300 7

T12S 1.24t.ý

T12 S 1.10 P,41

r; 0.92 Film 21

W ,T C. .. F111 21
/n 3 A . 2  NO il 0 21

/it-A 300 lu

u isc 300 32

znh ()S 300 34 I

*r.\rI 1. 1: 3. TI%'ijNAI(V AND QU;A rF.NAHY (\)M P'OUND)S

Agj '.iib3  0.,2 - I P(,?
AgAsSe2  0.8 - I PC '72

A,-V ,- ' .I r! 74c A

~~1 ~ ,j1 i. A
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f . A.-.. 4 ,..... T U" e '- O* 0tAA gcr

"A' /'" • ' P '" ".1-. 30! lOA. 21

J 4. t'J', ...... i '- ,,-. .,' in,.
SA:. . .. 1. 1' ',. 300 110

"Na A; thi at.-,- ?n P.,-..- 300 1 10

L '# 1. 1.)

Vt, zoqu;nol,,. 0.35 Powder !112

JI :r P.wIt* "Ilin4n

" . Powder 300 10I 4

n.r Pnwdol 114h-

IP -d.

SP OA ' lit- 1 114
Aw. j -... ; 4w ) 1r111F;,•I) M',h .' .- h 3111)>" d•r•{ 24

t .. .N h .. ! ,,• •i l•300II

d~~~b4~ 50w~~ *

y~C VW 'ts i .i F). .•
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!onization M~terial

OLI A 1

w(Inn~stl 1.60 350 109

l'yrajiihre'it 1.07 P,-2de'r 300 24
0ir~hri-~, It 0 Fihl: 100-254) I 19I1, N, -twzailthr',iw 3.2o) llwdvr ? .4. 111

VWWi.wla- w O.. h'wder 100-150 119
Valolanthrone-Pri 0.15 Powdcr 100-250 1 It

""natirn 0.L 4 '#ý.Jor lufl. 24. 1 IHI V~i~i~liru UtJ4 Filmn
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